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KEIZO KODAMA 


On the Occasion of His Seventieth Birthday 


June 17, 1961 


Professor Kr1zo KopAMA was born in Hikone, a small town near Kyoto, Japan, 
on June 17, 1891. He graduated from the Faculty of Medicine, Tokyo Imperial 
University (the University of Tokyo) in 1918. After nine years of graduate study 
in the Department of Biochemistry, under the direction of Professor S. KaKrucut 
at the University, he was appointed Professor of Biochemistry at Aichi Medical 
College as the successor to Professor L. MicHAELIs. 

From 1924 to 1926, he stayed in England to study physical chemistry in the 
laboratory of Professor F. Donnan in London and enzymology in the laboratory of 
Professor F. G. Hopxins in Cambrige. In 1928, he was appointed Professor of Bio- 
chemistry at Kyushu Imperial University, Schoo! of Medicine. 

In 1944 he returned to Tokyo Imperial University (the University of Tokyo) as 
Professor of Biochemistry. In the following years, he added to his talents as an 
administrator in the post of Dean of the Faculty of Medicine, the University of 
Tokyo, from 1949 to 1951. 

At sixty, in 1952, he retired from the University of Tokyo and was appointed 
President of Tokushima University where he has spent the greater part of his time 
in the organization of this new University. In 1957, when an International Sym- 
posium on Enzyme Chemistry was held in Tokyo and Kyoto under the auspices of 
the International Union of Biochemistry, he contributed greatly to this meeting as 
the Chairman of the Organizing Committee. 

His contributions to the development of biochemistry in Japan were truly great. 
It would be superfluous here to give an extended list of his papers or the many 
honors received by him. It must be emphasized, however, that one of his most 
noteworthy endeavours was the restoration and extension of the Japanese Biochemical 
Society while he held the presidency of the Society from 1945 to 1953. 

One of his achievements was the re-activation of the Journal of Biochemistry 
which had been discontinued since 1944. Up to that year the Journal had been 
published by Professor SAmuRO Kaxrucur but the outbreak of World War II 
deprived the Journal of its international significance. Professor KopAMA, after 
the reorganization of the Japanese Biochemical Society in 1948, decided to republish 
the Journal under the sponsorship of the Society to introduce, throughout the world, 
the biochemical works done in Japan. In spite of great difficulties in the post-war 
period, the new issue appeared in June 1950 following the serial number of the 
discontinued to grow and to be read more and more widely throughout the world. 

On the occasion of his seventieth birthday, this number of the Journal of 
Biochemistry is dedicated to Professor KopaMa with a deep sense of gratitude from 
all the members of the Japanese Biochemical Society. 
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The Estimation of Serum Proteins by Ultraviolet Densitometry 
of Agar Electrophoretic Diagram 


By Kazuo SHIMAO 


(From the Faculty of Pre-medical and Pre-dental Courses, 
Tokyo Medical and Dental University) 


(Received for publication, September 10, 1960) 


The use of agar as a supporting medium 
for electrophoretic analysis of proteins has 
been reported by several authors (/-5). Agar 
electrophoretic diagram being transparent to 
visible light, the method is said to be suitable 
for densitometric analysis after staining 
protein fractions by dye, such as amido black 
10B(ABI10B). As dried agar film is trans- 
parent not only to visible light but also to 
ultra-violet (UV) ray, the author tested the 
possibility of direct densitometric quantita- 
tion of agar electrophoretic diagram without 
staining procedure, and the results are re- 
ported in the present paper. 


EXPERIMENTAL 


Apparatus—Apparatus for agar electrophoresis is 
shown in Fig. 1. It is similar to those used by other 
authors (J, 2). Optical density of dried agar was 


determined by Model EPU-2 Hitachi photoelectric 


spectrophotometer with the Type K-2 paper densito- 
metry attachment. 
Buffer Solution—Barbital sodium-hydrochloric acid 
buffer, pH 8.6 and ionic strength 0.05, was used. 
Buffered Agar Gel—One per cent agar (Kyokuto 
Seika Ltd. Purified agar-agar) gel 
mentioned buffer was used as a supporting medium 


in the above 


for agar electrophoresis. 


Fixing Solution—Nine volumes of ethanol was. 
mixed with one volume of glacial acetic acid and used 
for fixation of protein fractions in agar gel. 

Rinsing solution—Five per cent acetic acid solution 
was used. 

Procedure for Agar Electrophoresis and UV Densito- 
metric Analysis—l10 x 28cm. clean cellophane paper was. 
immersed in the buffer solution, it was then adhered 
onto the bottom glass plate compactly by the ball of 
the finger leaving no creases nor bubbles between 
cellophane and glass plate. After setting a plastic 
frame of internal size 7*22cm. on the cellophane, 


20ml. of 1% hot agar were poured onto the bottom 
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Agar electrophoresis apparatus. 


Connecting filter paper 
Cover glass plate 
Bottom glass plate 
Buffered agar gel 
Cellophane 


Reto 


452 


glass plate to make agar gel of about 1 mm. thickness. 
When the gelification was complete, 0.025 to 0.030 
ml. of serum was applied uniformly from capillary 
pipette on a filter paper strip of size 230mm. The 
strip was then put on the gel 2cm. to cathodic side 
from the middle of the gel. Gel and buffer vessels 
were connected by buffer saturated filter paper, and 
the second plastic frame and cover glass plate were 
set in position as shown in Fig. 1. 1.5 to 2.0 mA of 
current per cm. width of the gel was applied for 
about 4 to 5 hours. Serum albumin migrated 5 to 6 
cm. anodically and 7-globulin 2 to 3 cm. cathodically 
under the above mentioned conditions at a room 
temperature of 15 to 20°C. When electrophoretic 
separation was completed, agar gel, with the bottom 
plate and cellophane, was dipped in about 200ml. of 
the fixing solution, and the protein fractions were 
fixed for 60 minutes. 
as white precipitation bands in the gel at this stage 
of the procedure. The gel with the bottom plate 
was then rinsed with ca. 200ml. of 5% acetic acid 
The pro- 


Protein fractions could be seen 


for 15 minutes with occasional shaking. 
cedure was repeated three times. Finally, the gel 
was rinsed in ca. 500ml. of the rinsing solution for 
The gel leaved 


A clean 


5 to 6 hours with occasional shaking. 
from cellophane during the rinsing process. 
sheet of cellophane of the same size as before was 
immersed in 5% acetic acid solution and was put on 
2 clean glass plate of the same size as the bottom 
slass plate leaving no creases nor bubbles between 
xlass and cellophane. The gel was carefully taken 
on the acetic acid moisoned cellophane, and a plastic 
frame was set on the cellophane on the glass plate 
by clips in order to prevent nonuniform shrinkage of 
he cellophane during the drying procedure. 

The gel on the glass plate was put into electric 
»ven at 40 to 50°C containing a water filled dish to 
yrevent over-drying and the resulting breakage of the 
sellophane. Drying process took about six hours. 
After drying, the gel became a transparent uniform 
ilm on the sheet of cellophane on the glass plate. 
White precipitation bands of the proteins disappeared 
it the end of drying process. 

The dried cellophane was cut into the size sui- 
able for the apparatus (3x15cm.), pulled away from 
he glass plate, and set in the Type K-2 densito- 
netric attachment. Densitometry was carried out at 
1 wave length of 280my with the band width of 1 
nv. In the present apparatus, a pitch of densito- 
netry was 2mm. and the effective size of the slit 
vas 2X5mm. 

UV Absorption of Serum Proteins in Dried Agar 
Film—Buffered agar gel of known thickness (1 mm.) 
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was cut into two pieces. One of them was immersed 
in the protein solution of known concentration, the 
other in the buffer solution for 48 hours. After 
equilibration, both gel pieces were treated as men- 
tioned above, and optical density of the dried agar 
gel containing protein was read against that contain- 
ing no protein. Surface concentration of protein was 
calculated from the volume and thickness of the gel 


0.01g/cm2 
Eogome Of 


the protein was calculated from the results obtained. 
UV absorption of serum proteins in solution—UV 
absorption of serum proteins in solution was deter- 
mined in phosphate buffer, pH 7.7 and ionic strength 
0.1, with Model EPU-2 Hitachi spectrophotometer. 
Free Electrophoresis—Free electrophoresis was per- 
formed using barbital sodium-hydrochloric acid buffer, 
pH 8.6 and ionic strength 0.1. 
electrophoretic analysis of serum proteins 


and the volume of the protein solution. 


Agar 
using’ ABIOB staining procedure was performed by 
the method reported in the previous publication (6). 


RESULTS 


Electrophoretic diagrams obtained by re- 
peated analyses of the same serum are shown 


Curve Experiment No. 


i U-5-1 
ni U-6-! 
il U=7-1 


EXTINCTION SCALE 


+ <—— eu _ 


MIGRATION DISTANCE 


Fic. 2. Comparison of electrophoretic dia- 
grams obtained by triplicate experiments on the 
same serum. Corresponding protein values are 
shown in Table I. 
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TasLe [| 
Reproducibility of Serum Protein Values Obtained by 
the Present Procedure 
: | Experiment _ Albumin Gzobulin 
Material ae 
No. Yo ay a B jf 
= Z 2 ee 7 Ye ae oe 
U-5-1 Bh)" 2.6 Ne Wed 31.4 
U-6-1 35.4 73) Bless 14.9 36.0 
ray A U-7-1 Sez Ss 15.6 16.2 32.4 
U-10-A G36) Sa! 13.6 17.6 30.6 
Meanto | 34.5416 | 2,940.6 | 13.541.7 | 16.6414 | 32.6+2.1 
U-5-2 | 39.3 3,3 16.6 20.9 19.9 
U-6-2 42.0 2.6 16.6 18.3 IS )7/ 
Beran U-7-2 39.8 2.6 18.5 18.5 20.6 
| Mean+o | 40.4+1.4 22022059 17.2+1.0 Ne Perr | e3) ZOE 025) 
U-3-1 49.0 51.0 ; 
Albumin-y-globulin = U-4-1 48.8 51.2 
mixture A U-8-1 | 46.9 ’ 53.1 
| Meanie — 48.241.3 | 51.8+1.3 
U-3-2 61.2 38.8 
Albumin-y-globulin | U-4-2 57.2 42.8 
mixture B U-8-2 61.8 38.2 
| rane = 
| Meanto  60.1+2.1 39.9+2.1 
o: standard deviation 
in Fig. 2, corresponding values and the values 
from other experiments are listed in Table I. 
From the figure and the table, reproducibility 
of the procedure seems satisfactory. UV ab- 20 
sorption at 280 my of serum and serum protein C 
fractions in solution or in agar film is shown in ‘% 
Table II and Fig. 3. UV absorption in dried 3e 5 
agar film of human serum obeyed Beer’s law. os 
5 aa in solution was almost the same as ds 
3 ae le) 
Edges" measuredon dried agar film for both #3 
serum albumin and ;-globulin as seen in Fig. “ 
1%, 1 . 4 ’ 
a: ane for the both protein fractions were 5 
slightly larger than those reported in litera- 
ture (7, 8). This was so, because Bae a 
values in Table II were not corrected for 200 wie me 
turbidity of the solution. SOS 
1%, lem. l fi nf : Fic. 3. UV absorption of human serum 
Exf0ma | Values fors erum protein fractions albumin (I) and ;-glubulin (II) in solution (0) 


obtained by starch zone electrophosesis or and in dried agar gel (x). 
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TasLE II 
UV seaibdbii of Human Serum Proteins in Solution and in Dried ace Gel 


<P : Tee in andar luv absorption 4 in dried agar ri 
7 Method of 
Material : tion” 
Cc trat 1%, lcm. concentration 0.01 g/cm2. prepara 
ng/ml. Ezine CPHL. 7) OTe cent. | Baaomy 
; 3.96 6.70 0.333 6.45 Cc 
Albumin Dp) 6.71 S 
3.6 6.3 Zi 
: ; 2.55 17.4 0.246 W7/e3} Cc 
y-Globulin 0.25 17 S 
1.47 15 Z 
a-Globulin 0.57 13 Z 
B-Globulin 0.82 20 Z 
Pseudo-Globulin-I 0.24 14 ) 
Pseudo-Globulin-II 0.20 12 NS) 
: 5.30 10.0 0.075 10.4 
0.147 10.1 
0.224 10.1 
Serum A 0.298 10.2 
0.372 10.2 
0.447 10.1 
0.522 9.8 


1) C: Commercial sample, 
Starch zone electrophoresis, using phosphate buffer, pH 7.8 and ionic strength 0.075. 
Salting-out and zone electrophoresis were carried out using serum A. 


Lie 


TasiE III 


Comparison of Data Obtained by Different Method 
of Electrophoresis 


S¢ 


with ABIOB. 


~~ Compositon of serum 
_ proteins 
Material pated: Mia Globulin 
Jo a, | a | B Tr 
Lx. £ 7o_| Fo | Fo | % 
UV 31 Bilt 7ip ome 32 
Serum A ab 52 zi | adh all lee}. linet 
ABI0B 78 1 aca ala 
| | 
os = | ted ae | | 
UV 26 Sie2 Zale 3G 
Serum T | At, 37 Om 1ST e252 7 
ABLOB 67 2/10) 4] 17 
UV 10 Hind eo) sap | 7h) 
Serum AN| T 12 erases De WAIT 
ABI10B 19 1 1 | ae78 
1) WINE Dicer Sennitemes of the present 
paper T: Free electrophoresis with Tiselius 
apparatus ABIOB: Densitometry after staining 


Salting out with sodium sulfate, 


sodium sulfate salting-out are also shown in 
Table II. E%go,8/°"" for protein fractions other 
than albumin and ;7-globulin was not deter- 
mined, but it might be nearly the same as 
Eopee of each fraction, when we refer to the 
results shown in Table II and Fig. 3 for 
serum albumin and 7-globulin. In Table III, 
the results of electrophoretic analysis of serum 
by three different methods are shown. 
Albumin values were the highest for AB10B 
staining procedure and the lowest for UV den- 
sitometry. 


DISCUSSION 


UV absorption has been used by various. 
authors for the detection of proteins or other 
substances on filter paper in paper electro- 
phoresis or chromatography (9-11). UV ab- 
sorption of proteins was determined by Louf- 
bourow (9) after drying down suspension 
on quartz plate. Svensson (J2) made use 
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of UV absorption for the estimation of pro- 
tein concentration in density gradient electro- 
phoresis. It seems to the author that no 
attempt has been made to use direct UV 
densitometry for the estimation of serum pro- 
teins in electrophoresis using supporting 
medium. The results reported here shows 
that by combination of UV densitometry with 
agar electrophoresis, a new procedure for the 
determination of serum protein fractions is 
possible. Protein fractions fixed by ethanol- 
acetic acid mixture in agar gel and dried 
down on cellophane was transparent and UV 
absorption at 280my obeyed Beer’s law as 
shown in Table II. Barbital being rinsed 
out of agar gel during fixation and rinsing 
process, UV absorption of buffer did not hin- 
der UV densitometry at all. Transparency of 
dried agar gel on cellophane against air was 
found to be between 85 and 90 per cent. 
Percentage values for serum protein fractions 
obtained by the present method were, of 
course, different from that obtained by free 
electrophoresis or other method as shown in 
Table III. Difference between values obtained 
by the present method and free electrophore- 
sis could be explained by the difference be- 


0.01g./cm.2 


tween fractions of Epo,5,/°"", which were nearly 


the same as aaa of each fraction in solu- 


When values of UV densitometry for 
serum A in Table III are corrected for Ex%y,.0" 
of protein fractions of Table II, percentage 
values of albumin+a,-globulin, a-, f-, and 
7-globulins became, 58, 6, 15, and 22 per cent 
respectively, which are in fairly good agree- 
ment with those obtained by free electro- 
phoresis. 

The present method does not include any 
staining procedure, which has very often been 
a source of errors of analysis or of deviations 
among data from different laboratories ob- 
tained by the same procedure in paper electro- 


phoresis. Ef." of albumin was much less 


than that of other globulin fraction, and the 


tion. 
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fact resulted in the larger percentage values 
of globulin fractions, and reduced the relative 
error of percentage values of these fractions. 


SUMMARY 


A new method of agar electrophoretic 
analysis of serum protein was reported. Pro- 
teins separated by agar electrophoresis were 
fixed by ethanol-acetic acid mixture and dried 
down on a sheet of cellophane. By direct 
densitometry at 280my of the dried agar on 
cellophane, percentage values of each protein 
fraction was obtained. Sie ae values for 


albumin and 7-globulin fractions were almost 


1%, lcm. 
260m 


Because of the difference in 


the same as E of each fraction in neut- 
ral solution. 
Exfoina of serum protein fractions, percentage 
values obtained by the present method were 
different from those obtaindd by free electro- 
phoresis, but this difference could reasonably 

1 0 5 1 . 
be explained by Bae 
fractions. The method seems to be useful as 
a new method of electrophoretic analysis of 


serum proteins. 


of serum protein 
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Role of Mitochondria in the in vitro Formation of 
Protoporphyrin and Haem 


By C. Rmuncton and B.E. Toots 


(From the Department of Chemical Pathology, University College Hospital 
Medical School, London, England) 


(Received for publication, January 30, 1961) 


Although the broad outline of the path- 
way of haem biosynthesis is now firmly 
established (/), certain points of detail remain 
to be elucidated. In particular, the transfor- 
mation of coproporphyrinogen to protopor- 
phyrinogen or protoporphyrin, involving 
oxidative decarboxylation of two carboxyethyl 
side chains (positions 2 and 4) to yield vinyl 
groups and the mechanism of insertion of 
iron into the porphyrin ring to form haem 
are still poorly understood. Both steps appear 
to be enzymically controlled but the number 
of enzymes involved and whether or not co- 
factors are necessary are unknown. 

That mammalian reticulocytes are capable 
of synthesizing haem in vitro was first demon- 
strated by Reimann (2), in 1942 and has 
since been amply confirmed (3, 4). These 
cells contain mitochondria (5-8) as do also 
the synthetically-active basophilic — stippled 
cells of lead poisoned animals (9). Sano (J0) 
has shown that mitochondria participate at 
three stages in the biosynthesis of haem, 
namely (1) in the formation of d-aminolaevulic 
acid (ALA) from glycine and active succinate 
(11-14), (2) in some step or steps in the syn- 
thesis of protoporphyrin from ALA and (3) 
in the incorporation of iron into the porphyrin 
ring. He found that in stage (2) an extract 
prepared from an acetone powder was as 
effective as intact mitochondria from rabbit 
liver, chicken erythrocytes, bone marrow or 
mesenteric lymph glands. Mitochondria from 
rat kidney, heart, muscle and _ intestinal 
mucosa were inactive. 


FORMATION OF PROTOPORPHYRIN 
Balk, Dresel and KRimington (75) 


showed that haemolysates of chicken red cells 
produced large quantities of protoporphyrin 
and smaller amounts of coproporphyrin and 
uroporphyrin from added porphobilinogen 
(PBG). The supernatant fraction derived from 
centrifugation of such haemolysates (20,000 x g 
for 20 minutes) formed only uro- and copro- 
porphyrins but protoporphyrin production 
was restored by adding a rat liver mitochon- 
drial preparation. Mitochondria alone pro- 
duced no porphyrin (/6). Haemolysates of 
human red cells were found by Rimington 
and Booij (/7) to form only traces of proto- 
porphyrin from PBG but, here again, addi- 
tion of liver mitochondria raised the yield 
fifteen or twenty fold. A system or fraction 
present in mitochondria appears to be neces- 
sary to complete the protoporphyrin-forming 
system of red cell haemolysates. Fa ik 
Dresel and Rimington (J/5) found that 
oxygen was necessary for protoporphyrin 
production by the whole haemolysate of 
chicken red cells from PBG. Replacement 
of air by nitrogen markedly lowered the yield 
of this porphyrin suggesting that oxygen was 
involved as a hydrogen acceptor in the over- 
all oxidative decarboxylation reaction. 

The experiments which we now report 
have extended over the last two years and 
have been directed towards a more detailed 
elucidation of the role of mitochondria in 
systems derived from human and chicken red 
blood cells or from Rhodopseudomonas spheroides. 


METHODS 


Chicken Red Cell Haemolysate (CH)—This was 
prepared according to Dresel and Falk (18). 
Chicken Red Cell Enzyme (CBZ)—Heparinized 
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chicken blood (10 ml.) was centrifuged at approximately 
2000 g for 10 minute at 0°C, plasma removed and 
the cells suspended in 0.9% NaCl. After centrifuging 
as before, the saline and white cell layer was removed 
and the cells washed once more by 0.9% NaCl. Ben- 
zene (1 ml.) was added to the red cell mass which 
was shaken until haemolysis was complete (1 minute). 
An equal volume of glass-distilled water was then 
added and after thorough mixing by shaking for 1 
minute, the enzyme-containing supernatant was sepa- 
rated by centrifuging for 10 minutes at room tem- 
perature and removing the benzene layer. It was 
filtered through paper and stored at 5°C. This clear 
preparation yielded no deposit when it was centrifuged 
for 15 minutes at 11,750xg. 

Preparation of Mitochondria—The weighed liver of 
a freshly killed rat was homogenised in 0.25 molar 
sucrose (10% w/v). After centrifuging at 2000xg for 
10 minutes at 5°C, the supernate was removed and 
centrifuged at 11,750xg for 15 minutes at 0°C. The 
residue was suspended in 0.25 molar sucrose and 
othe 
final residue was suspended in a volume of glass- 


again centrifuged under the same conditions. 


distilled water equal to half the weight of liver used 
and stored at —10°C. 

Mitochondrial Supernatant—The suspension of mito- 
chondria was frozen and thawed three times then 
centrifuged at 11,750xg for 15 minutes at O°C and 
the supernatant collected. 

Acetone Powder of Mitochondria—A suspension of 
mitochondria in glass-distilled water (2 ml.) was 
shaken with ice-cold acetone (40 ml.) and left to stand 
at —10°C for 30 minutes. The mixture was filtered 
in the cold on a Buchner funnel and the residue 
washed with 20 ml. of ice-cold acetone, then dried in 
a vacuum desiccator. To prepare an extract, the 
powder was suspended in glass distilled water (2 ml.), 
ground up thoroughly and the supernatant recovered 
after centrifuging at 11,750xg for 15 minutes. 

Coproporphyrinogen—A strong solution (2ml.) of 
coproporphyrin III in 0.2 N NaOH was shaken in a 
glass-stoppered flask wrapped in black cloth with 4g. 
freshly ground sodium amalgam for 5 minutes. The 
colourless solution was then filtered rapidly with the 
aid of suction through four layers of Whatman No. 
42 filter paper on a sintered glass funnel into a small 
test tube. The pH was cautiously adjusted to ap- 
proximately 7.5. 

Porphobilinogen (PBG)—This was dissolved in phos- 
phate buffer pH 7.4 (1 ml. of 0.1 molar KH,PO,+ 
4ml. of 0.1 molar Na,HPQO,). 

Incubation—Small test-tubes’ were immersed in a 
water-bath at 37°C for the times and under the con- 
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ditions stated. For anaerobic experiments, evacuated 
Thunberg tubes were used containing alkaline pyro- 
gallol in the side arm. Experiments were conducted 
in subdued light or darkness. 

Analytical Methods—The contents of the tubes were 
mixed with ethyl acetate: acetic acid (3:1) and cen- 
trifuged for 5 minutes at 2000xg. After removal of 
the supernatant into a small separatory funnel, the 
residue was washed repeatedly on the centrifuge with 
the acid mixture until the supernatant was no longer 
fluorescent. The bulked supernatants were shaken 
twice with saturated sodium acetate and these wash- 
ings re-extracted by ethyl acetate until the latter was 
no longer fluorescent. It was then added to the main 
extract which was shaken once with 3% 
acetate. 


sodium 
Total porphyrin was then extracted by 
shaking with 15% HCl leaving haem in the organic 
phase. In experiments using Fe, this was made up 
to 25ml. and the radioactivity counted in a well-type 
scintillation counter. 

The 15% HCI solution containing the porphyrins 
was neutralized to congo red with saturated sodium 
acetate and the porphyrins extracted by repeated 
shaking with ether. After one wash by 3% sodium 
acetate followed by one with water, the ether was 
shaken with small quantities of 0.36% MWHCl until all 
coproporphyrin was removed and then with 5% HCl 
Optical density of each 
extract was then determined at 380my, 430my and 


to remove protoporphyrin. 


at the Soret maximum (Dmax) using 1 cm. cells and 
a Unicam photoelectric spectrophotometer. Porphyrin 
content was calculated using the correction formula 


of Rimington and Sveinsson (19), viz: 


1g) 


pg. Copro.=(2Dmax —D3g9—Dys0) X 7.833 xV 
Hee Protoi== (Daas Dice Dia) a xv 


where V is the volume of the extract in each case. 

Control experiments showed that any porphyrin- 
ogen originally present was oxidized to porphyrin 
during the manipulations and included in the final 
extract. 

Fe®—This was obtained from the Radiochemical 
Centre, Amersham, and used as FeCl], diluted with 
sterile 0.9% NaCl. 

All reagents were of analytical grade and only 
glass-distilled water was used. 


RESULTS 


Analytical Recovery experiments—Some ab- 
sorption with consequent loss of porphyrin 
upon precipitated protein occurred whatever 
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precipitant was used. Acetone was perhaps 
somewhat superior to the ethyl acetate: acetic 
acid mixture but was less convenient in fur- 


TABLE I 


Recovery of Coproporphyrin Added to Enzyme 
Preparation CBZ 


Porphyrin | 


added Soe Conditions 

(ug-) oe 

13.60 94.9 No enzyme added. 

13.60 OFZ No enzyme added. 

5.44 88.3 No enzyme added. 

5.44 86.4 No enzyme added. 

5.44 81.5 Precipitated immediately. 

5.44 76.8 Precipitated immediately. 

5.44 71.0 Precipitated immediately 

and left overnight at 

eae ler room temperature. 

3.28 66.0 Precipitated immediately. 

3.28 YD Precipitated immediately. 

3.98 66.7 Acetone used as precipi- 
tant. 

3.98 74.6 Acetone used as precipi- 
tant. 

4.00 71.8 Acetone: HCl used as 
precipitant. 
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ther working up. Thorough washing of the 
protein precipitate with the acetate mixture 
and re-extraction of the different phases, as 
described under Methods, minimized such 
losses, and no correction was applied since all 
experiments were comparative. Percentage 
recoveries were materially greater when larger 
quantities of coproporphyrin were employed. 
Some typical results are included in Table I. 

Porphyrins Formed from Porphobilinogen (PBG) 
by Different Enzyme Preparations—Chicken red- 
cell haemolysate contains all the enzymes 
necessary for the synthesis of haem from 
glycine. When d-aminolaevulic acid or por- 
phobilinogen is used as substrate, in addition 
to haem much protoporphyrin is produced 
together with lesser quantities of copropor- 
phyrin. A similarly prepared haemolysate 
from human erythrocytes and PBG forms 
very little protoporphyrin unless mitochondria 
are also added. The preparation made with 
benzene from chicken red-cells, CBZ, also 
retains the enzymes necessary for the utiliza- 
tion of PBG but porphyrin production stops 
at the coproporphyrin stage unless mitochon- 
dria are added. Mitochondria alone produced 


Tas_eE II 
Properties of Different Enzyme Preparations Utilizing PBG as Substrate 


Incubation for 15 hours at 37°C except when stated. 


ENZYME PREPARATION Mitochondria | PBG | Copro. | Proto 
(#g-) (yg-) (rg -) 

Chicken red-cell haemolysate, CH, 4 hrs. 100 1.44 8.32 : 
Human I I 15 0.16 | 0.05 
I I I! di il 0.06 | 0.12 
Rat /I / 15 0.11 | 0.05 
I I i So / 0.02 0.19 
Chick red-cell, benzene method, CBZ 30 5.09 ORI 
" " Ti (heated) i 0.10 0.03 
I I / I aie I 2e20) 0.81 
I " I ” (heated) + I 0.04 0.02 
I " 7 (heated) + (heated) 0.05 | 0.04 
1 /! /! /! +(heated) 1 5.11 | 0.28 
Human red-cell, benzene method I 1.50 0.13 
I I I a I 1.76 W385 

I It // heated | 

(heated) +b wt 0.04 0.05 
/ // (heated) ey 0.15 0.03 
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no porphyrin from PBG and heating destroyed 
their ability to complete the protoporphyrin- 
forming system. Some properties of the dif- 
ferent enzyme preparations are recorded in 
‘Table EL. 

Properties of the Chick Red-Cell Preparation 
CBZ—The soluble enzyme system prepared 
from chick red cells by the benzene method 
was selected for further study. The optimum 
pH was found to be ~7.4. The time course 


lee i a T i = ; aac | a = 
L J 
i 


COPROPORPHYRIN FORMED (yg.) 


10 12 14 16 18 20 22 24 
TIME OF INCUBATION (hours) 
Increase of coproporphyrin with time 


Pera 6 oS 6 

Fie. 1. 

of incubation in the system: Chick red-cell enzyme 
CBZ+porphobilinogen (60 g.). 

3.6 

3.2 

28 


24 


20 


PORPHYRIN FORMED (ug.) 


0.8 


4 8 12 16 20 


24 


of coproporphyrin production from PBG 
(60 wg.) is illustrated in Fig. 1, whilst Fig. 2 
shows the increase of coproporphyrin and 
protoporphyrin with time when mitochondria 
are added to the preparation. 

The preparation is moderately stable, 80% 
activity being retained during 15 days at 5°C. 

When the enzyme preparation was ultra- 
filtered and the activities of resuspended 
residue and of ultrafiltrate, respectively, were 
separately measured, all the activity was 
found to reside in the residue with no indica- 
tion of the requirement of any filterable co- 
factor (Table III). 


RABE ELE 


Formation of Porphyrins from PBG (30 pg.) by 
Non-filterable Residue and Ultrafiltrate 
of Enzyme Preparation CBZ 


Copro. Proto. 
(ug-) (ug-) 
Whole enzyme preparation 2.98 | 0.22 
Non-filterable residue 332 | 1.58 
Ultrafiltrate 0.02 | 0.02 
Recombined fractions PSIG Oe O17 
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Total porphyrin 


Coproporphyrin 


28 32 36 40 44 48 


TIME OF INCUBATION (hours) 


Fic. 2. Increase of coproporphyrin and total porphyrin with time of incubation 
in the system: Chick red-cell enzyme CBZ+rat liver mitochondria + porphobilinogen. 
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tion—The chick red-cell preparation CBZ 
made with the use of benzene carries por- 
phyrin formation no further than to copro- 
porphyrin. If rat liver mitochondria are 
added, the oxidative decarboxylation to proto- 
porphyrin proceeds and it was thought that 
a closer study of this phenomenon might throw 
light upon the mechanism of the reaction. 

Not all mitochondria were effective, those 
prepared from rat heart or kidney being 
inactive and rat spleen mitochondria only 
feebly active. 

Liver mitochondria retain their activity 
during storage at —5°C for 8 weeks but are 
inactivated by 2 minutes heating at 100°C. 
Much of the activity is retained by an acetone 
powder preparation. Disruption by repeated 
freezing and thawing caused no loss of activ- 
ity and after centrifuging at 11,750xg for 
15 minutes, activity was recovered in the 
supernatant. Ultrafiltration of the latter 


showed that activity resided in the non- 
filterable residue ; it was destroyed by heating 
to 100°C. These properties, which are illus- 
trated in Table IV, indicate that the factor 
supplied by liver mitochondria is enzymic in 
nature and is not a thermostable co-factor. 

It is now well established that the por- 
phyrinogens rather than the porphyrins are 
the true intermediates in protoporphyrin and 
haem synthesis. Experiments were therefore 
carried out using coproporphyrinogen III as 
substrate with and without the addition of 
mitochondria or the supernate from frozen 
and thawed mitochondria. 

From Table V it will be seen that the 
supernate was again as active as intact mito- 
chondria in completing the protoporphyrin 
forming system. 

In many enzymic systems, ferricyanide is 
able to replace oxygen as the final hydrogen 
acceptor; preliminary experiments were there- 


TasLeE IV 
Activity of Mitochondrial Fractions in Completing the System CBZ plus PBG 


(app. 30 pg.) for Protoporphyrin Formation 


Copro. 


Preparation of fraction added Pe 

is : (vg-) (ug-) 
None 9.03 0.21 
Whole mitochondria (rat liver) 6.74 2.69 
Whole mitochondria (rat liver) 3.03 a —_ 0.98 a 
Acetone powder of above 3.63 0.76 
Supernatant after freezing and thawing, 0.1 ml. 1.28 2.87 

0.2 ml. 0.79 4.52 
0.3 ml. 0.43 4.10 
None 6.05 0 6 j 
Supernatant of frozen and thawed mitochondria 
(rat liver) 8 oe 

Non-ultrafilterable residue of above 1.88 1338) 
Ultrafiltrate 5.87 0.10 
None 9.95 0.36 : 
None 10.37 | 0.37 
Whole mitochondria (rat heart) 10.00 0.29 
Whole mitochondria (rat spleen) inion x i 2.52 ‘ 0 33 7 

] 2.85 0.55 

I (rat kidney) 3} 0.15 

1 1.81 0.15 
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TABLE V 


Formation of Protoporphyrin from Coproporphyrinogen III (C'GN) in Presence of CBZ and Rat Liver 
Mitochondria or a Supernate Prepared from Them by Freezing and Thawing 


461 


Copro. Proto 
Enzyme system Substrat P 
cae eee (4g-) (Hg -) 
CBZ-+ rat liver mitochondria PBG (30 peg.) 5.48 244 
I C’GN 5.74 1.01 
Mitochondria only " 7.06 0.71 
None C’GN 3.46 0.04 
CBZ-+ rat liver mitochondria I 2.42 1.16 
Mitochondria only I 3.14 0.09 
CBZ-+ mitochondrial supernate C'GN 25.20 4.26 
Supernate only // 26.00 0.55 
Tas_Le VI 
Effect of Some Inhibitors on Conversion of PBG (30 pg.) to Porphyrins by Preparation CBZ 
, te Copro. Proto. Total 
aa >) (ng.) (ug.) 
None 8535 0. 43 3576 
K ferricyanide (1073 /) 0. 19 0. 09 0. 28 
Liver mitochondria 4.3 3.9 (0), % 
I I 4,2 4.6 8.8 
I I +NaF (10°) 4.3 6n2Z LORS 
i I + I 4,2 On) 10. 4 
I I + ” (5x10°?M) 33,8) 6.5 9.8 
I I + 3.4 6. 7 10. 1 
Bone ‘ 2. 44 0. 18 2. 62 
Liver mitochondria 0. 59 0. 75 1. 34 
I I + iodoacetate (1073 M/) 0. 16 0. 92 1. 08 
I // = // (5x 10-3 M) 0. 19 1. 10 1. 29 
Nf I + / (10-2 M ) OF23 174) 1. 44 
oe oi 2.91 0. 41 3, 32 
Liver mitochondria O05 1. 30 1. 83 
I I + o-phenanthroline (5x 1073 M7) 0. 39 2539 2.78 
II / + I (10-2 M ) 0. 55 1. 70 225 
I I + / (2x10? M) 0. 65 0. 88 1558 
None RtObIE 4. 58 1, 742 6. 32 
KCN (5x10-244) = Aerobic 2.91 2. 79 5. 70 
None Anaerobic 5. 80 2, 12P 7.92 
KCN (5x10°?M) = Anaerobic 4, 68 3. 08P HTS 


1) Uroporphyrin (yg.) 
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fore carried out in which this substance was 
added to the CBZ system. Potassium fer- 
ricyanide at 10-?M concentration had a 
generally inhibitory effect, probably due to 
oxidation by it of coproporphyrinogen to 
coproporphyrin as the latter was formed in 
the system from the substrate (PBG). Fer- 
ricyanide could not, therefore, replace rat 
liver mitochondria. 

The action of some other substances is 
also recorded in Table VI. Sodium fluoride 
was without significant effect up to a con- 
centration of 10°? MZ. Since the CBZ prepara- 
tion is capable of forming haem from proto- 
porphyrin in the presence of mitochondria, 
one observes a decreased yield of total por- 
phyrin when comparing experiments with 
and without addition of mitochondria al- 
though in the former case protoporphyrin 


production is considerably raised at the 
expense of coproporphyrin. Iodoacetate 
between 10°°M and 10°°M definitely en- 


hanced protoporphyrin production. 

The effect of cyanide was examined, 
aerobically and anaerobically on ;the CBZ 
preparation acting on PBG without added 
mitochondria and in these experiments yields 
of uroporphyrin and coproporphyrin only 
were determined, because Lockwood and 
Benson (20) have shown that in the presence 
of KCN this system forms coproporphyrinogen 
I; no further conversion to protoporphyrin 
would be expected since the enzymes respon- 
sible for this step act only on the III series 
isomer. 

It will be seen from Table VI that KCN 
in a concentration of 5x10-?M had little 
effect upon the quantity of porphyrin pro- 
duced from PBG except that the uro-copro 
conversion was slightly retarded both in 
aerobic and anaerobic conditions. 

The most interesting effect upon the CBZ 
system was obtained with o-phenanthroline. 
Two actions appear to be discernable, an in- 
crease in the proportion of protoporphyrin 
to coproporphyrin formed but also a generally 
inhibitory effect, the total porphyrin yield 
decreasing progressively as the concentration 
of o-phenanthroline is raised. 


FORMATION OF HAEM 


The utilization of iron by red-cell haemo- 
lyzates to produce haem appears to be an 
enzymically catalysed reaction (2/-24). Glu- 
tathione, ascorbic acid or cysteime act as 
co-factors (2/, 23, 25) and it is probable that 
protoporphyrin rather than protoporphyrino- 
gen is the immediate precursor (24). 

The utilization of iron by intact avian 
erythrocytes and mammalian reticulocytes 
appears to follow a similar course (4) as does 
also haem synthesis by liver cell preparations 
(26-28). 

There is, in addition, evidence suggesting 
that iron taken up by the reticulocyte is first 
bound to a protein constituent of the cell 
membrane from which it is released for haem 
formation (4, 29); binding to the microsomes 
may also be involved (50). Protoporphyrin 
may also react in a protein-bound form in 
haem synthesis (26, 28, 31). 

A suitable system for investigation of the 
enzymic union of iron and protoporphyrin is 
provided by the chicken red-cell haemolyzate 
preparation CBZ, already described. Proto- 
porphyrin was added in phosphate buffer, 
pH 7.4-(1 ml. of 0.1 A KH2PO, and 4ml. of 
0.1 M Na,HPO,) and Fe*® as the citrate. After 
incubation at 37°C under the conditions 
specified in each experiment, haem was ex- 
tracted completely by successive treatments 
with ethylacetate-acetic acid {mixture (3:1). 
The combined extracts were treated as de- 
scribed under Methods and activity measured 
after dilution to 25ml.; the necessary back- 
ground and blank reading were recorded. 


RESULTS 


The chicken red-cell preparation CBZ 
had relatively feeble activity, but this was 
slightly increased by the addition of ascorbic 
acid (10°°M) and markedly augmented by 
the addition of a suspension of liver mito- 
chondria (Table VII). 

As in the experiments upon protopor- 
phyrin formation, the activity for haem for- 
mation was next tested of a supernate pre- 
pared by freezing and thawing rat liver 
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TasBLe VII 


463 


Synthesis of Haem from Added Protoporphyrin and Fe®® by Chicken Red-Cell Enzyme Preparation CBZ 


alone and in Presence of Ascorbic Acid or Rat Liver Mitochondria 


Fe? added 
(c.p.m.) 


Ascorbic acid 


(10-8 M) 


Q 
wo 
N 


Mitochondria Protoporphyrin 


Haem formed 
(c.p.m.) 


7832 


Gates trie cree eal ah meal 
ke eas Rie A the 8) OCT ON Sea 


544 


++4+4+0e+-00+ 00000 


TasLe VIII 


Comparison of the Activity of Rat Liver Whole Mitochondria with That of the Supernate Prepared from 


Them by Freezing and Thawing on Haem Synthesis in Presence of CBZ 


Mitochondria | Mito. supernant Substrate Fe added Haem formed 

(c._p.m.) (c.p.m.) 

+ 0 Protop. 7832 544 

0 ap /t /] Sy 

== 0 PBG (30 pg.) 1 528 

0 = I M 106 

+ 0 I I 935 

0 | + 1 I 113 

fe | 0 // It 938 

0 3 i i 130 

TasLe* 1X 
Haem-forming Activity of Rat Liver Mitochondria Preparations; Effect of 
Anaerobic Conditions and of Heating 
System Gas phase eee Tee oe 

Rat liver mito. Air 40 478 2), 
I Ne I I 204 
/] (heated) Air | i " b) 
Rat liver mito. (whole) Air I 7832 124 
/ (supernate) Air iI i 4 
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TABLE X 
Absence of Inhibition by Sodium Fluoride of Haem Synthesis by Rat Liver Mitochondria Using 


Either Protoporphyrin or Coproporphyrinogen as Substrate 


Fe? vaaed Haem formed 


Sai of NaF Substrate as Ae 
0 Protop. (14.7 pg.) 10750 1150 
10-2 | I I | 1146 
5x 10-2 | I! I! | 1132 
107! I I 1110 
0 Coproporphyrinogen 1075 | 4) 
Ome / I 35 
5x 1072 I I | 37 
Oe I I | 44 


mitochondria three times and then centrifug- 
ing at 11,750xg for 15 minutes at 0°C. This 
was added to the CBZ preparation using 
either protoporphyrin or porphobilinogen as 
substrate. Compared with whole mitochondria, 


the supernate was virtually devoid of activity 
(Table VIII). 


600 
a r 4 
[= 
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~ 400f | 
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> wea 
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as a mt 
GO GS Ter Ww ae 
pH 
Fic. 3. Effect of pH on haem formation 


from protoporphyrin by rat liver mitochondria. 
System: Rat liver mitochondria+ protoporphyrin 
(17.2 wg.)+ascorbic acid (10-3 ) + Fe®? (630 c.p.m.) 
+ phosphate buffer. 


All these experiments suggested that rat 
liver whole mitochondria alone were capable 
of catalysing efficient synthesis of haem from 
iron and protoporphyrin. A further series of 
experiments confirmed this; their activity was 


destroyed by heating and was favoured by 
anaerobic conditions (Table IX). 

The optimum pH for haem synthesis, 
with protoporphyrin as substrate, was found 
to, be 7.1 (Fig..3).. The: time .course (ole the 
reaction is illustrated in Fig. 4 which shows 


400) 


HAEM FORMED (c.p.m.) 
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200+ 


et 
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TIME OF INCUBATION ( hours) 

Fic. 4. Increase of haem formation with 
time of incubation in the system: Rat liver 
mitochondria-+ protoporphyrin (30 yg.)+Fe®® (2983 
Gapsuah))e 


a linear increase of haem during the first 6 
hours. The effects of increasing iron and 
protoporphyrin respectively are 
Figs. 5, 6 and 7. 

Sodium fluoride was investigated for in- 
hibitory activity but found to be without 
action at concentrations up to 10-!'M with 
either protoporphyrin or coproporphyrinogen 
as substrate (Table X). 


shown in 
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The findings of Bénard, Gajdos and 
Gajdos-T6érék (32) with this substance 
can not, therefore, be attributed to an effect 
either upon the incorporation of iron into 
protoporphyrin or upon the oxidative decar- 
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Eres). 
Fe? added in the system: Rat liver mitochondria 
+protoporphyrin (36.8 wg.)+ascorbic acid (1073 


Relation between haem formed and 
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Fic. 6. Relation between haem formed and 
protoporphyrin added in the system: Rat liver 
mitochondria+Fe*? (768c.p.m.)+ascorbic acid 


(10-3 M)+ phosphate buffer pH 7.4+ protoporphy- 
rin (up to 9.3 yg.). 
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boxylation of coproporphyrinogen to form 
protoporphyrin. 


HAEM FORMED (c.p.m.) 


et = SSS Se! —! 


10 20 30 40 50 60 70 
PROTOPORPHYRIN ADDED ( yg.) 

Fic. 7. Relation between haem formed and 
protoporphyrin added in the system: Rat liver 
mitochondria+Fe?® (768c.p.m.)+ ascorbic acid 
(10-3 M)+ phosphate buffer pH 7.4+ protoporphy- 
rin (up to saturation level at~67.5 pg.). 


DISCUSSION 


Chicken red cells are capable of synthe- 
sizing protoporphyrin and also haem from 
suitable precursors. The preparation (CBZ) 
made from them by haemolyzing with ben- 
zene and discarding the insoluble material 
by centrifugation can not carry the synthesis 
beyond the stage of coproporphyrinogen. 
This system is completed, however, by the 
addition of rat liver mitochondria. 

The chemical mechanism by which copro- 
porphyrinogen is transformed into proto- 
porphyrinogen or protoporphyrin is not yet 
known. The step involves the oxidative de- 
carboxylation of two propionic acid side 
chains (8 positions 2 and 4) and could be 
envisaged as proceeding first by dehydrogena- 
tion to form 2,4-diacrylyl deuteroporphyrin 
and then by decarboxylation of the latter. 
Alternatively, 8-oxidation of the two propionic 
acid residues could lead to a porphyrin 
structure with two /-ketonic-acid side chains. 
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The latter, being inherently unstable, might 
then lose carbon dioxide. The porphyrin 
resulting would be 2,4-diacetyl deuteropor- 
phyrin but this does not appear to be an 
intermediate in protoporphyrin biosynthesis. 

It was hoped that a study of the part 
played by mitochondria in the coproporphy- 
rinogen— protoporphyrin (ogen) transformation 
might throw light upon the chemical 
mechanism involved. The finding that a 
supernatant prepared from frozen and thawed 
mitochondria is as effective as the intact 
particles in completing the system, renders it 
unlikely that a fully functional electron 
transport chain is necessary. Perhaps the 
mitochondrial fraction supplies a particularly 
suited hydrogen acceptor; no artificial hydro- 
gen acceptor has yet been found capable of 
completing the system. Since certain mito- 
chondria, such as those of rat heart are 
ineffective, enzymological comparison of these 
with mitochondria from rat liver might shed 
further light upon this problem. 

Iron incorporation into protoporphyrin 
also requires a system present in rat liver 
mitochondria and in this case a supernate 
prepared from them is inactive. From the 
work of others, it seems possible that the iron 
and possibly the protoporphyrin also, may be 
bound to protein before enzymic combination 
is effected. 


SUMMARY 


1. The preparation is described of an 
enzymic system (CBZ) from chick red cells 
which forms coproporphyrin but very little 
protoporphyrin from porphobilinogen. 

Activity resides entirely in the non-ultra- 
filterable fraction. Some properties of the 
system have been investigated. 

2. Addition to this system of rat liver 
mitochondria increases protoporphyrin forma- 
tion at the expense of coproporphyrin. The 
supernate prepared by freezing and thawing 
rat liver mitochondria and _ centrifuging 
exhibits this activity as does also the extract 
from acetone-dried rat liver mitochondria. 
Activity is destroyed by heating. 


3. Mitochondria from rat 


heart and 
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kidney do not increase protoporphyrin forma- 
tion when added to CBZ and porphobilinogen. 
Mitochondria from rat spleen are only very 
feebly active in this respect. 

4. Ferricyanide strongly inhibits porphyrin 
formation from porphobilinogen by CBZ and 
rat liver mitochondria; sodium fluoride is 
without effect but addition of iodoacetate 
increases protoporphyrin production. 

o-phenanthroline appears to favour proto- 
porphyrin formation but to have also a 
generally inhibitory effect upon the system. 
Cyanide tested aerobically and anaerobically 
had no significant effect upon uroporphyrin 
and coproporphyrin production by CBZ 
acting alone upon porphobilinogen. 

5. Haem formation by the CBZ system 
has been investigated using either protopor- 
phyrin as substrate or coproporphyrinogen 
plus rat liver mitochondria or porphobilinogen 
plus rat liver mitochondria. CBZ alone has 
only slight and somewhat variable activity in 
iron incorporation. ‘This is increased by ad- 
dition of ascorbic acid. Rat liver mitochon- 
dria have quite considerable activity which 
is also increased by addition of ascorbic acid 
but the most efficient system was constituted 
by CBZ plus rat liver mitochondria plus 
ascorbic acid. 

6. The supernate from frozen and thaw- 
ed and centrifuged rat liver mitochondria is 
almost entirely inactive as 
incorporation. 

7. Anaerobic conditions favour haem 
formation from protoporphyrin and rat liver 
mitochondria; heating destroys the activity. 
Sodium fluoride is without effect. 


regards iron 
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The isolation and identification of ;-hyd- 
roxy-L-arginine from a sea-cucumber, Poly- 
cheira rufescens (1), and the determination of 
its stereoconfiguration (2) were reported pre- 
viously by the present author. In these 
studies it was found that the amino acid was 
susceptible to arginase and L-amino acid oxi- 
dase and thereby converted to ;-hydroxy-L- 
ornithine and  7-guanidino-8-hydroxybutyric 
acid, respectively. Recently, the occurrence 
of 7-hydroxyarginine in a sea-anemone, Antho- 
pleura japonica, was found by Makisumi in 
this laboratory, who isolated simultaneously 
from this animal 7-guanidino-$-hydroxybutyric 
acid and ;-hydroxyagmatine corresponding 
to the oxidation and decarboxylation products 
of ;-hydroxyarginine, respectively (3). To 
identify 7-hydroxyagmatine, a new guanidino 
compound, Makisumi synthesized it en- 
zymically by using arginine decarboxylase 
from Escherichia coli 7020 and No. 1 (4). 

In all these enzymatic reactions, it was 
observed that the rates of conversion of ;- 
hydroxyarginine to each of the reaction pro- 
ducts were considerably low in comparison 
with those of arginine. It is obvious that the 
steric hindrance caused by the presence of a 
hydroxy group at 7-position of this compound 
is responsible for the decrease in the rates. 
Accordingly, it is interesting to measure 
quantitatively the effect of the presence of 
y-hydroxy group on the velocity of enzymatic 
reaction. 

In the present experiment, the rates of 
reaction of ;-hydroxyarginine catalyzed by 
arginase and arginine decarboxylase were de- 
termined and compared with those of arginine 


catalyzed by the same enzymes, and the 
Michaelis constants for 7-hydroxyarginine in 
these enzymatic reactions were also calculated. 


MATERIALS 


Substrates—L-Arginine monohydrochloride is a com- 
mercial product. 7-Hydroxy-t-arginine monohydro- 
chloride is a preparation isolated from the sea-cucum- 
ber. The stereoconfiguration of its y-hydroxy group 
is erythro-form; m. p. 190-191°C (decomp.), [a }?3+5.4° 
(c=2, in 5N hydrochloric acid). 

Arginase—A. partially purified beef liver arginase 
preparation obtained as a solution in the Step D ac- 
cording to Greenberg (5) was used without dilution 
in the incubation with y-hydroxyarginine, while in the 
case of arginine the arginase solution was diluted with 
water ten times. 

Urease—For determination of urea a crude urease 
preparation purchased from JIshizu Pharmaceutical 
Co. Ltd. was used without further purification. 

Arginine Decarboxylase—Though it is well known 
that Escherichia coli 7020 is specific for the decarboxyla- 
tion of arginine alone (6), it was tested for the 
decarboxylation of y-hydroxyarginine as Hagihara 
(7) and Suzuki et al. (8) found recently that the 
organism also decarboxylated u-canavanine which is 
a structual analogue of arginine. After preparing an 
acetone powder of the organism according to the 
method of Gale (9), it was suspended in 0.2 M phos- 
phate-citrate buffer pH 5.2 (10mg./ml.) to obtain an 
arginine decarboxylase solution. 


EXPERIMENTALS AND RESULTS 
Arginase 
pH Optimum of Arginase for the Hydrolysis 
of y-Hydroxyarginine—An assay mixture con- 
taining each 0.5ml. of 0.1 M4 7-hydroxyargi- 
nine, 0.01 14 manganous sulfate, 0.4 M@ Micha- 
elis’ veronal buffer (pH range from 7 to 9.6) 


y-Hydroxyarginine. III 


and the arginase solution was incubated at 
30°C for 10 minutes. For the suppression of 
arginase action, the mixture was added with 
0.5ml. of 1.2 N sulfuric acid and heated in a 
boiling water bath for 5 minutes, then cooled 
to room temperature. For determination of 
urea to be produced, an urease method was 
applied as follows. To the resulting mixture 
0.5ml. of 1.6 N phosphate buffer was added 
(the pH of the mixture should be 6.8, other- 
wise, it should be corrected by adding an 
adequate amount of 2N sodium hydroxide 
or 2N sulfuric acid). After further addition 
of 0.5ml. of 0.0544 EDTA and the same 
volume of an urease solution (10mg. of the 
urease/ml. of water) to the mixture, it was 
incubated again at 30°C for 60 minutes. Then 
ammonia in an aliquot of the incubation 
mixture was analyzed by using the Conway 
microdiffusion method. The pH optimum of 
agrinase for the hydrolysis of 7-hydroxyargi- 
nine was approximately 9.2 under these ex- 
perimental conditions (Fig. 1). Consequently, 
as there was no appreciable difference be- 
tween the pH optima of arginase action on 
arginine and on 7-hydroxyarginine, subsequent 
experiments were carried out at this pH. 
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Fie. 1. pH-Activity curve of arginase for ;- 


hydroxyarginine. Reaction mixture: 0.5 ml., 0.1 
y-hydroxyarginine ; 0.5 ml., 0.01 4f manganous sul- 
fate; 0.5ml., 0.4 M veronal buffer; 0.5 ml., argi- 
30°C) Time, 10 


nase solution. Temperature, 


minutes. 


Determination of the Hydrolysis Rates—The 
rates of hydrolysis by arginase of arginine 
and ;-hydroxyarginine having several subst- 
rate concentrations at pH 9.2 were determined 
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in a similar manner to the case of the deter- 
mination of pH optimum (Fig. 2). The ap- 
parent velocity constants for the hydrolysis 


Hy Arg 
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SUBSTRATE CONCENTRATION ( M/\iter ) 


Fic. 2. Effect of substrate concentration on 
arginase activity. 0.5 ml., 
substrate; 0.5ml., 0.01 44 manganous sulfate; 0.5 
ml., 0.4M/ veronal buffer pH 9.2; 0.5ml., argi- 
nase solution (Ten times diluted solution was used 
in the case of ARG.). 
10 minutes. 


Reaction mixture: 


Temperature, 30°C. Time, 


of the two substrates and the ratio of the 
two constants at the same substrate concent- 
ration were calculated. The results are sum- 
marized in Table I. The rate of hydrolysis 
of y-hydroxyarginine by arginase was appro- 
ximately 11 per cent that of arginine with 
the substrate concentration from 0.005 to 
0.05 MZ. 


SABI 


Apparent Velocity Constants of Hydrolysis of Arginine 
and y-Hydroxyarginine and Their Ratios 


Cee a a ee Bees 
ration % % 

(40-2M)_| . 

0.5 | 0.0810 | 0.00685 a5 |p 

1.0 0.0575 | 0.00516 9 

2.0 | 0.0336 | 0.00375 | 11 oes 

3.0 0.0243 | 0.00306 | 13 

4.0 0.0190 | 0.00239 | 13 

5.0 0.0150 | 0.00193 | 12 


1) Velocity constant for arginine 
2) Velocity constant for 7-hydroxyarginine 


The Michaelis Constani—By using the velo- 
city constants obtained above, the Michaelis 
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constants for these substrates were calculated 
according to the Lineweaver-Burk’s equation 
(Fig. 3). The constant for 7-hydroxyarginine 
was 1610-244, while for arginine was 5x 
10-3. 


0.04 


0.01 0.02 0.03 0.05 
{s} 

Fic. 3. The plots of initial substrate concent- 
ration (S] divided by initial velocity Vi versus (S] 
for the hydrolysis of the substrates by arginase at 
30°C and pH 9.2. 


Arginine Decarboxylase 


Determination of the Decarboxylation Rates— 
The decarboxylations of arginine and 7-hyd- 
roxyarginine were carried out in the War- 
burg manometers filled with air at 30°C. A 
mixture consisting of 1.0ml. of the freshly 
prepared suspension of acetone powder of £&. 
colt and of 0.5ml. of 0.2M phosphate-citrate 
buffer (pH 5.2) was placed in the main com- 
partment, and 1.0ml. of 0.0025 to 0.01251 
substrate solution was placed in the side arm. 


COg EVOLUTION (ul. ) 


0.002 


0.001 0.003 0.004 0.005 


SUBSTRATE CONCENTRATION ( M/liter ) 


Fic. 4. Effect of substrate concentration on 
arginine decarboxylase activity. Contents of vessel : 
1.0ml., enzyme solution ; 0.5 ml., 0.2 M phosphate- 
citrate buffer pH 5.2; 1.0ml., substrate solution. 
Temperature, 30°C. Time, 5 minutes. 


The evolution of carbon dioxide in 5 minutes 
was measured after equilibration of the tem- 
perature (Fig. 4). The apparent velocity con- 
stants for decarboxylation of the two sub- 
strates and the ratio between the two con- 
stants at the same substrate concentration 
were calculated. The results are summarized 
in Table II. The rate of decarboxylation of 
y-hydroxyarginine by arginine decarboxylase 
from £. coli 7020 was approximately 16.5 per 
cent that of arginine with the substrate con- 
centration from 0.0015 to 0.003 AZ. 


Werssters, IU 


Apparent Velocity Constants of Decarboxylation of Arginine 
and y-Hydroxyarginine and Their Ratios 


Consents fin» piv. *h Spang eRe NN Manes 
ration % % 
(10-3) 7 
1.0 0.399 | 0.0375 9.4 

1.5 0.321 0.0422 13.1 

2.0 0.250 | 0.0390 15.5 

2.5 0.207 0.0366 177 i ee 
3.0 0.178 | 0.0351 19.7 

4.0 0.134 | 0.0327 24.4 

5.0 0.099 0.0260 26.3 


1) Velocity constant for arginine 
2) Velocity constant for 7-hydroxyarginine 


0.001 0,002 


0.003 0004 


0.005 
{s] 

Fic. 5. The plots of initial substrate concent- 
ration (S] divided by initial velocity Vi versus [S] 
for the decarboxylation of the substrates by arginine 
decarboxylase at 30°C and pH 5.2. 


The Michaelis Constant—The constants for 


the two substrates were calculated in a similar 
manner to the case of hydrolysis by arginase 


y-Hydroxyarginine. III 


and the following values were obtained ; 7.6x 
10°°Mf for 7-hydroxyarginine and 4.1x 10-444 
for arginine (Fig. 5). The value for arginine 
was in good accordance with that reported 


by Gale (J0). 


SUMMARY 


The reaction rates of hydrolysis and de- 
carboxylation of 7-hydroxyarginine catalyzed 
by arginase and arginine decarboxylase were 
determined and compared with those of argi- 
nine. The apparent reaction velocity of 
hydrolysis of 7-hydroxyarginine was about 11 
per cent of that of arginine, and that of 
decarboxylation was about 16.5 per cent. The 
Michaelis constants of arginase and arginine 
decarboxylase for 7-hydroxyarginine were also 
calculated and the following data were obtain- 
ed; 1.6 10-*M in the arginase reaction and 


47) 


7.6x10-°M in the decarboxylase reaction. 


The author wishes to express his cordial thanks 
to Prof. S. Shibuya for his guidance and encourage- 
ment. His thanks are also due to the Ministry of 
Education for financial support of this research. 
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The enzyme thiaminokinase catalyzes the 
phosphorylation of thiamine by ATP* and 
the product of the reaction was identified as 
TDP, i.¢. cocarboxylase. Concerning the 
reaction mechanism Weil-Malherbe (J) 
suggested by the use of a crude preparation 
obtained from brewer’s yeast that it is a one- 
step transpyrophosphorylation from ATP to 
thiamine, rather than a stepwise transphos- 
phorylation, because thiamine is a more effec- 
tive substrate than TMP. Leuthardt and 
Nielsen (2) supported subsequently this 
hypothesis from a similar observation with a 
partially purified enzyme from rat liver. 
Although this view has been generally accept- 
ed among other possibilities (3-5) and has 
also been cited by many authors (6-8), no 
conclusive evidence had so far been obtained 
until the present work was undertaken. 

The purpose of the present work is to 
demonstrate the transfer of an intact pyro- 
phosphate group from ATP to thiamine by 
the use of a terminally labeled ATP-P®, 
and at the same time, to distinguish between 
the two possibilities shown in the following 
formulae. 

T+ARPPP?2—.TPP22-- ARP........066 (1) 

T+ARPPP?2_+T P22P+ ARP.......06006 (II) 


While the present work was in_ progress, 


* Abbreviations used: ATP or ARPPP, adeno- 
sine triphosphate; ADP, adenosine diphosphate; AMP 
or ARP, adenosine monophosphate; R-5-P, ribose-5- 
phosphate; TDP or TPP, diphosphate ; 
TMP, thiamine monophosphate; T, thiamine; Th, 
4-methyl-5-8-hydroxyethylthiazole; OMP, 2-methyl-4- 
amino-5-hydroxymethylpyrimidine ; and Tris, tris(hydr- 
oxymethyl)aminomethane. 


thiamine 


Khorana etal. (9) succeeded in demonstra- 
ting that pyrophosphate group is transferred 
by the similar mechanism as shown in equa- 
tion (I), with the enzyme phosphoribose pyro- 
phosphokinase, one of the two enzymes which 
have been believed to catalyze pyrophos- 
phorylation (10). More recently, Greiling 
(11) reported on the phosphorylation mecha- 
nism of thiamine with yeast enzyme and stat- 
ed that the activity ratio of B- to a-P atom of 
TDP,** which was synthesized enzymatically 
from ATP-7-P®, was 3 tol. From this value, 
the randomization of the labeling pattern of 
ATP by adenylate kinase or other contaminat- 
ing enzymes was suspected, although the activ- 
ity ratio of the ATP used was not specified in 
his réports- -Forsand er G2)***sreported a 
similar work on yeast thiaminokinase a few 
years ago, and concluded that the P® of 
ATP-;-P® was transferred to thiamine as the 
B-P of TDP from the findings of the radio- 
activity on paper chromatogram. Although 
his results gave a strong support to the trans- 
fer of pyrophosphate group, the conclusion 
seemed not to be quite definitive since TDP 
and TMP were not separated completely 
from other substances and also the data were 
by no means quantitative. 

In order to provide a definitive evidence 
for this mechanism, it is necessary to carry 


** Each P atom in ATP and TDP is distinguished 
as a, 8 and y, and a and 8, respectively; AR-P(a)- 
P(8)-P(y) and T-P(a)-P(f). 

*** The detail of Forsander’s work was not 


available to the authors before the present work was 
finished. 


Biosynthesis of Thiamine Diphosphate 


out the reaction of ATP-;-P® of high specific 
activity and a purified enzyme which are 
completely free of other interfering enzymes 
such as adenylate kinase. 

In this paper are described the studies 
on the mechanism of transpyrophosphoryla- 
tion with the purified thiaminokinase, using 
ATP-7-P® which was synthesized enzymati- 
cally from carbamyl] phosphate-P®. Purifica- 
tion, properties, and nucleotide specificity of 
this enzyme were described in the preceding 
papers (13, 14). A preliminary communica- 
tion of the present experiments has also been 
published elsewhere (J5). 


EXPERIMENTAL 


Materials—ATP labeled only on the 
phosphate was synthesized from 


terminal 
labeled carbamyl 
phosphate by reverse reaction of carbamate kinase. 
The details of this method have been given elsewhere 
(16, 17). The specific activity of ATP used for. this 
experiment was 3.86x10%c.p.m. per wmole and the 
ratio of specific activity of 7- to B-P atom was 11.5 
oe di TMP and TDP were kindly 
supplied by Takeda Chemical Industries, Ltd., Japan. 


Thiamine, 


TDP was further purified by ion exchanger chromato- 
graphy as described below. 

Enzymes—Thiaminokinase was purified about 100 
fold from autolysate of baker’s yeast as previously 
described (13). 
adenylate kinase activity when assayed by pyruvic 


The purified enzyme showed no 


kinase-lactic dehydrogenase 
AMP as substrate (73). With this purified enzyme, 
ADP could not substitute for ATP as phosphate donor 
and TMP was not phosphorylated (/3). 
carboxylase was also prepared from baker’s yeast 


system with ATP plus 


Pyruvic 


autolysate (78) and resolved to apoenzyme by alkaline 
ammonium sulfate treatment according to the method 
of Green et al. (19). 

Methods for Isolation, Identification, and Determina- 
tion of Thiamine Phosphates—The reaction products 
were isolated by ion exchanger chromatography on 
Dowex-1 column (ehloride form, X-4, 200 to 400 
mesh). The elution was made stepwise based on the 
HCl-NaCl system according to Cohn and Carter 
(20). Thiamine phosphates were separated by succes- 
sive elution from the column with 0.001 N HCl (for 
TMP) and 0.002 N HCl (for TDP). Each peak was 
identified spectrophotometrically and, after lyophili- 
solvent 
The 


spots on paper chromatogram were located by ultra- 


zation, by paper chromatography using a 
system of Siliprandi and Siliprandi (22). 
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violet absorption, thiochrome fluorescence, and radio- 
activity. The Ry values were 0.31, 0.15 and 0.07 
for thiamine, TMP and TDP, respectively. 

TMP and TDP were determined after elution 
from Dowex-1 column by their absorbance at 260 mp 
(pH 3.0). TDP was also measured by its coenzyme 
activity after recombination with apocarboxylase (22). 


RESULTS 


Reaction Conditions—The reaction mixture 
composed of 3mmoles of Tris buffer, pH 8.6; 
150 umoles of MnSO,; 150 wmoles of thiamine ; 
15 uymoles of ATP-;-P® (specific activity, 3.86 x 
10°c._p.m. per pmole; 7/8, 11.5/1); approxi- 
mately 6mg. of purified enzyme and water in 
a final volume of 150ml. The mixture was 
incubated at 30°C for 45 minutes, after which 
time the reaction was stopped by boiling for 
2 minutes at 100°C. After centrifugation a 
suitable aliquot was taken from the superna- 
tant solution and TDP formed was measured 
manometrically using apocarboxylase pre- 
pared from baker’s yeast. About 0.31 wmole of 
TDP was synthesized under these conditions. 
The supernatant was adjusted to pH 7.4, 
diluted about 6 fold, and loaded on a 
Dowex-l1 column (chloride form, X-4, 1.1 x 
8cm.). Ten ymoles of nonlabeled TDP was 
added as a carrier. 

Separation of the Reaction Products—The 
column chromatography was developed as 
described in Experimental Section. Each peak 
was identified from its ultraviolet spectrum, 
thiochrome test, radioactivity, and coenzyme 
activity. Further confirmation was obtained 
from paper chromatography after lyophiliza- 
tion. The results of the column chromato- 
graphy are shown in Fig. 1. The peaks B, 
C and D were identified as TMP, TDP and 
AMP, respectively. Peak A seemed to be of 
protein nature and was not further studied 
because it contained very little radioactivity. 
Peak B was identified as TMP, which was 
presumably formed nonenzymatically from 
TDP. As is clear from Fig. 1, the main pro- 
duct of the reaction was TDP. About 0.7 
10°c.p.m. of TDP was recovered from the 
column. 


Preliminary analysis of the labelling 
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pattern of TDP was performed at this stage 
as follows: 0.5ml. aliquot which contained 
about 6,600c.p.m. was hydrolyzed with 0.25 
ml. of 3N H.SO, s at 100°C for 45 minute. 
Under these conditions, only terminal phos- 
phate of TDP was liberated. After cooling 


6F 1/1000N = 2/1000N 5/1000 
HCl HCl 


| c.p.m./ml. 


40,000 


30,000 


10,000 


5 10 15 20 25 30 35 40 
TUBE NUMBER 


Fic. 1. Column 
reaction products. 


chromatography of the 


After deproteinization, the reaction products 
were adsorbed on Dowex-! column (chloride form, 
X-4, 1.1X8.0cm.) with 10 ywmoles of nonlabeled 
TDP. The chromatogram was 
described in the text. 
minute; fraction volume, 


developed as 
Flow rate, 2ml. per 
10ml. (J, Absorbancy 
at 260 my; f, radioactivity in c.p.m./ml. of the 
fraction. 


in an ice-bath, 0.75 ml. of water and 0.5 ml. 
of 2% ammonium molybdate were added. 
Inorganic phosphate derived from $-P atom 
of TDP was extracted three times with 
isobutanol. The radioactivity of the aqueous 
layer (which corresponded to a-phosphate in 
TDP) was 1,470 counts per 3 minutes and 
that of the organic layer (which correspond- 
ed to $-phosphate in TDP) was 18,110 counts 
per 3 minutes. 

Distribution of P® on a- and B-P atoms of 
TDP—The radioactive TDP was purified 
further by rechromatography on a_ small 
column (4x0.6cm.) of Dowex-l with the 


Y. Kaziro, R. Tanaka, Y. MAno and N. SHIMAZONO 


hydrochloric acid system and its specific 
activity was determined as 121.4x10°c.p.m. 
per yvmole based on the absorbance at 260 mz. 
This TDP was hydrolyzed with MN hydro- 
chloric acid at 100°C for 30 minutes to split it 
in a way that enables differentiation of the 
phosphates of the pyrophosphoryl group. 
After hydrochloric acid was removed by 
lyophilization, resulting TMP and inorganic 
phosphate were separated again by column 
chromatography as above and the specific 
activity of TMP was found to be 9.7x 10° 
c.p.m. per ymole. 

From these results the activity ratio of 
B- to a-P atom of TDP produced was calcu- 
lated to be about 11.5/1, which was equal to 
that of 7- to B-P atom of ATP used for the 
experiments. The purity of TDP and TMP 
thus isolated was checked by paper chromato- 
graphy and both of them were detected as 
single spots by ultraviolet absorption and 
thiochrome fluorescence. 


DISCUSSION 


The results presented here establish 
definitely the transfer of an intact pyrophos- 
phoryl group from ATP to thiamine by the 
mechanism shown in equation (I). This 
mechanism seems to be essentially same as 


NHp 
N 
Y 
N | \ 
L ‘ OH ; OH OH 
1 
fe) Gie8~ Crete oa 
a fy ie holy 
OH OH H 
R-OH 
Ese 
R: ‘ alge 
Kx me 
OH OH H3C N le CHe- 
Fie. 2. Mechanism of transpyrophosphory- 
lation. 


that of the phosphoribose pyrophosphokinase. 
In the latter case Kornberg (6) suggested 
that the enzyme catalyzes a nucleophilic 
attack of oxygen atom in R-5-P on the 
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middle phosphorus atom of ATP with the 
displacement of AMP (Fig. 2). 

From the experimental results so far 
available, however, it is still impossible, in 
either of these two cases, to distinguish bet- 
ween the following two possibilities. First, 
the enzyme catalyzes, after combination with 
both substrates, the nucleophilic attack of 
oxygen atom in hydroxyl group on the middle 
phosphorus in ATP. The second possibility 
is that a negative group on enzyme protein 
first makes a nucleophilic attack to form PP- 
enzyme complex, with subsequent displace- 
ment of enzyme by acceptor molecule, thus 
in the case of thiaminokinase: 

ATP+E>PP-E+AMP 
PP-E+ T— > TPP+E 


(IID) 
(IV) 

The isotope exchange between AMP-C'* 
and ATP in the absence of thiamine will 
provide information on this point. It is also 
supposed in the foregoing argument, on the 
analogy of many other transphosphorylating 
enzymes, that P-O bond will be cleaved as 
indicated in Fig. 2. However, direct evidence 
must await O'% experiments. 

Other two reactions have so far been 
reported to involve the pyrophosphate deriva- 
tives as activated form. One is dimethylallyl- 
pyrophosphate which participates in the 
biosynthesis of cholesterol. This compound 
is now known to be derived from mevalonic 
pyrophosphate which is formed by two-step 
phosphorylation and not by one-step pyrophos- 
phorylation (25). The other example is the 
case of OMP-pyrophosphate which condenses 
with Th-P to form thiamine monophosphate 
(24-30). From the recent report of Kawa- 
saki et al. (27), it seems likely that the 
synthesis of OMP-pyrophosphate also takes 
place by two-step phosphorylation rather than 
one-step pyrophosphorylation. 

Recently, the pathway of biosynthesis of 
TDP from OMP and Th was studied by 
several groups of investigators. Nose eé al. 
(26, 28) and Leder (25) supposed that OMP- 
PP will react with Th-P to form TMP which 
is then phosphorylated by ATP to form TDP. 
They proposed, therefore, a pathway which 
exclude free thiamine as an intermediate in 
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TDP biosynthesis. However, an objection 
was raised by the present authors against the 
above hypothesis and an alternative possibi- 
lity was suggested in which TMP is once 
hydrolyzed to free thiamine and subsequent- 
ly pyrophosphorylated to form TDP. The 
latter hypothesis is based on the observation 
that even with the crude extract of baker’s 
yeast, free thiamine is a better substrate than 
either TMP or OMP plus Th*. This view 
was also presented independently by Camie- 
ner and Brown (29, 30). It seems more 
reasonable because of the wide-spread distri- 
bution of the thiaminokinase in various 
microorganisms which can synthesize thiamine 
from low-molecular precursors as well as in 
the higher animals which require dietary 
supply of thiamine. 

Since the mechanism of the reaction is 
now Clearly established, the name thiamine 
pyrophosphokinase is proposed for _ this 
enzyme*™*. 


SUMMARY 


Terminally labeled ATP-P® was incu- 
bated with thiamine in the presence of a 
thiaminokinase purified from baker’s yeast. 
The analysis of TDP formed showed that 
the ratio of radioactivity of S- to a-P atom 
in TDP was equal to that of 7- to $-P atom 
in ATP used for the experiments. The 
mechanism of this enzyme reaction was thus 
demostrated to involve a transfer of an intact 
pyrophosphoryl group from ATP to thiamine 
as indicated by Equation (1). The name 
thiamine pyrophosphokinase was proposed 
for this enzyme. 
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The occurrence of biological active lipo- 
polysaccharides in many species of Gram- 
negative bacteria, has been reported by many 
investigators. They have been referred to as 
endotoxins or Boivin antigen. The similar 
substances have been demonstrated in He- 
mophilus pertussis (1-6). Cruickshank and 
Freeman (J) isolated a material containing 
polysaccharies from the tryptic digest* of 
Hemophilus pertussis phase I. Recently, Ma- 
clennan (2, 3) reported the chemical and 
biological properties of specific lipopolysac- 
charies obtained from the same organisms. 
These preparations, however, have never been 
lethal for laboratory animals, though they 
had some biological activities such as im- 
munizing potency (J) and pyrogenicity (3). 

It has been known that pertussal vaccine 
was sometimes toxic for animals. Since the 
well-known thermolabil necrotoxin characte- 
rized as protein,* has been inactivated in the 
course of preparation of vaccine, there must 
be other stable toxic substances in this orga- 
nism. From this point of view, the lipo- 
polysaccharide substance, which may be 
responsible for a part of toxicity in vaccine, 
was prepared from Hemophilus pertussis. In the 
present study, the isolation method and the 
toxicity of the lipopolysaccharide have been 
investigated. 


MATERIALS AND METHODS 


Bacteria—The Hemophilus pertussis of Sakurayashiki 
strain in phase I were supplied by Takeda Pharma- 


ceutical Industries, Ltd. Stock cultures grown on 


* K. Onoue e¢ al. unpublished 


Bordet-Gengou agar medium were subcultured in Roux 
bottle on semisynthetic culture medium containing 
After incubation at 38°C 
for 48 hours, the organisms were harvested using 
0.15M@ sodium chloride 
The paste of cells 


casamino acid and charcoal. 


solution by centrifugation. 
was stored in frozen state until 
needed. 

Total Nitrogen—The micro-Kjeldahl method was 
used, with distillation apparatus of Parnas. 


Phosphorus—Determinations were made by the 
method described by Barton (7). 
Paper Chromatography—Sugars: Samples were 


hydrolysed in sealed ampoules at 100°C with NH,SO, 
for 5 hours. For application to papar chromatograms, 
salt free preparations were made from H,SO, hydro- 
lysates by adding saturated Ba (OH), and adjusting 
pH to 4.7. The supernatant after centrifugation was 
evaporated in vacuo to dryness. Another desalting was 
carried out by treatment of hydrolysate with Dowex 
1X2 (CO;-— form) and IR 120 (H* form). The 
development solvents were pyridine-acetic ethylester- 
water-acetic acid (5:5:3:1) and butanol-acetic acid- 
water (4:1:5). Paper (Toyo Roshi No. 51) were 
sprayed with aniline phthalate (8), ammoniacal silver 
nitrate or ninhydrin solution in order to detect reduc- 
ing sugars or hexosamine. 

Amino Acid: Samples were hydrolysed in sealed 
ampoules at 110°C 6 N HCI for 24 hours. Acid was 
removed from HCl hydrolysates by repeated evapora- 
tion on water bath. Amino acids were adsorbed to 
IR 120 (H* form) and eluted with 5N ammoniacal 
water. Eluate was dried up by repeated evaporation 
on water bath and applied to two dimensional paper 
chromatograms. Development solvents were butanol- 
acetic acid-water (4:1:5) and  butanol-methylethyl 
ketone- 17 N ammoniacal water-water (5:3:1: 1). 

Ultracentrifugation—Preparative ultracentrifuge runs 
were made in Hitachi preparative ultracentrifuge type 
40 P at the low temperature. Figures quoted for the 
force in g refer to the force exerted at the centres of 
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the tubes. 

Toxicity—The test samples were dissolved in buf- 
fered saline (M/30 phosphate buffer, pH 8.3) and 
injected intraperitoneally into each groups of five 
The death and the decrease of the body weight 
The 


mice. 
were observed during three days after injection. 
mice used were ddWN strain. 

Immunizing Potency—The immunity against intra- 
peritoneal challenge was tested in mice previously 
immunized with samples. This was carried out by 
Dr. H. Takehara, Takeda Pharmaceutical Industries, 
Ltd. 


RESULTS 


Extaction and Purification—The paste of bac- 
terial cells was ground in mortar, with a half 
weight of glass powder and four times volume 
of 0.15 Af sodium chloride and centrifuged at 
20,000 r.p.m. 

The cell debris from which was removed 
the most part of protein containing the 
necrotoxin by centrifugation, was used as 
starting material for the extraction of lipo- 
polysaccharide. Thirty grams of cell debris 
(containing 10¢. glass powder) were added 
with 800ml. of distilled water and homo- 
genized in Waring blender. 

The homogenous suspension was cooled 
to 2°C and added with 80 ml. of 90% phenol 
under the vigorous stirring and left overnight 
at this temperature under the furthur stirring. 

The mixture was centrifuged at 3,000 r.p.m. 
and precipitate was discarded. 

The milky extract was dialysed against 
the running water for 48 hours at room 
temparature and against the distilled water 
at 2°C to 4°C for 24 hours and centrifuged at 
6,000 r.p.m., discarding the precipitate. 

The milky spernatant was added with 
saturated sodium acetate, adjusting the reac- 
tion to be slightly alkaline with phenol red 
and cooled to 0°-2°C. Then, four times 
volume of 95% ethanol was added under the 
constant stirring. 

After standing overnight at the cold room, 
the resulting precipitate was collected by 
centrifugation at 3,000r.p.m., The precipita- 
tion by ethanol was repeated three times. 
The precipitate (designated as Palc) was dis- 
solved in 200ml. of distilled 


water and 


centrifuged at 15,000xg for one hour. The 
supernatant separated from the precipitate 
(designated as P,;), was centrifuged at 
40,000 x g for one hour. Then, the supernatant 
separated from precipitate (designated as P49), 
was centrifuged at 105,000xg for one hour. 
The resulting precipitate was washed by 
repeated centrifugations: at 105,000xg twice 
from aqueous solution. The last precipitate 
was designated as Py; and the combined 
supernatant as Sy;- Each fraction of Palc, 
Ps, Pao. Pics and Sy, was frozen-dried. © Diver. 
yield are shown in Table I. 


TABLE I 


The Contents of Nitrogen and Phosphorus of Each 
Fraction Prepared from H. pertussis 


Fraction Yield Nitrogen Phosphorus 
ing. vee % 
Palc 9.04 2.04 
Re 420 12.75 0.65 
Ley 475 9.98 0.45 
Stos 400 8.65 4.31 
Pigs 78 Dols eS) 

Palc: Ethanol precipitate, S,),: Supernatant 


at 105,000xg, P,;, Po, Pyo3: Precipitates at 
15,000 x g, 40,000 g, 105,000 x g. 


Hydrolysis of Palc with N H,SO, for 
5S hours at 100°C, gave six spots on paper 
chromatograms, reacting with anilin-phthalate 
and ammoniacal silver nitrate. Three spots 
corresponded to galactose, glucose and xylose 
respectively and one spot reacting with nin- 
hydrin was hexosamine and two spots, show- 
ing the slowest and the fastest migration on 
chromatograms, were unidentified. 

With ninhydrin, ten spots were obtained 
from hydrolysate of 6 N HCl for 20 hours at 
110°C on paper chromatograms. 

These were identified as glutamic acid, 
aspartic acid, leucine, valine, glycine, proline, 
alanine, threonine, serine and histidine re- 
spectively but colamine and necrosamine were 
not found. 

As seen in Fig. 1, ultraviolet-absorption 
spectrum of the P,); fraction did not show any 
peak in the range of 240my to 300 my of 
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wave length, suggesting that this fraction was 
free of nucleic acid, though the Palc fraction 
showed the considerable contominants of 
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> 
Ls 
w 
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a 
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S 
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a 
ro) 
0.2 


240 260 280 300 
WAVELENGTH(my ) 
Fic. 1. Ultraviolet absorption spectra. 


—Ow— Palc fraction 0.05 mg./ml. 
—@— P,; fraction 0.05 mg./ml. 


nucleic acid. The determined values of Cc, 
H, N, P and ashes of the Pio; fraction were 
as follows: 

C: 45.16 per cent, H: 8.20 per cent, N: 5.13 

per cent, P:1 .45 per cent, ash: 7.37 per cent. 
The detailed chemical properties of Pj; frac- 
tion will be reported in proceeding paper. 

Toxcty—The various amounts of each 
fraction were injected intraperitoneally into 


TABLE II 


The Lethalty of each Fraction Prepared from 
Hi. pertussis 


Praction MLD 
a mg. 
Palc 6 
(Pie 15 
Tye 7 
Stos 20 
Pros 0.7 


Pale, P,s5, Po, Pios, and S,o, are similar in 


Table I 


TasLe III 
The Decrease of Body Weight by Palc Fraction of H. pertussis in Mice 


Dose Mouse No. Body Weight ) 
Initial 24 hours 48 hours 72 hours 
mg. i i g. 
: 1 26.0" 23.0° 22.6" 22.3 
ee 2 24.7 91.7 20.4 21.0 
3 23.0 91.5 20.3 20.8 
4 20.3 28.5 28.0 97.5 
1 | 25.5 25.4 25.3 25.0 
9 25.8 92.9 22.9 93.7 
O75 3 24.7 21.7 21.5 21.6 
4 21.0 19.3 18.3 18.0 
i 28.1 25.2 25.5 25.1 
2 26.0 22.9 
0.375 3 25.3 23.5 22.8 99.3 
4 22.0 90.1 19.1 19.0 
i] 52) 23.1 | 2h oe 
9 29.3 27.0 
0.095 3 23.0 21.0 21.5 22.0 
4 23.0 20.0 20.8 21.9 
i 23.2 21.6 20.9 22.7 
9 26.3 24.8 
0.048 3 22.3 20.5 20.3 21.8 
4 20.6 18.7 | 18.5 19.8 
1 | 21.9 DUG 91.3 O55 
2 | 24.4 24.6 24.6 24.5 
3 25.0 25.3 25.6 25.7 
8 4 26.2 26.1 26.3 26.8 
5 24.9 24.8 24.0 23.8 
6 24.0 24.4 24.2 25.7 


The each dose was dissolve in buffered saline (phosphate buffer pH 8.3) and injected 


intraperitoneally in mice (0.2 ml.). 
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groups of five mice, weighing 22+2g. and 
minimum lethal dose (MLD) was determined 
as shown in Table II. The Pi; fraction was 
most toxic, showing the 0.7mg of MLD. 

The amounts between 48 vg. and 1.5 mg. 
of the Palc fraction were injected intraperito- 
neally into groups of four mice and the body 
weights were measured during the three days 
after injection. As seen in Table III, the 
marked decrease of body weight was observed 
even by injection of 48 yg., although MLD 
of Palc was shown to be 6mg. 

Immunizing Potency—The amounts between 
lug. and Img. of Py; were employed for 
immunization. The immunizing potency for 
mice was not observed, when immunity was 
measured by intraperitoneal challenge of 200 
LD,, of H. pertussis (strain 18323) ten days 


after immunization. 


DISCUSSION 


The two methods of Westphal, Li- 
deritz and Bister (9) and Perrault and 
Shear (JO) had already been applied suc- 
cessfully to the preparation of lipopolysaccha- 
rides from a number of bacteria. These were 
unsuitable for the present study. The former 
gave a very viscous mixture when the equal 
volume of 90% phenol was not separated from 
phenol phase by centrifugation. By the latter, 
involved the treatment with low concent- 
ration of phenol (5 per cent) and 0.1M 
trichloroacetic acid, any polysaccharide sub- 
stances were not extracted. 

A few improvements have been introduced 
in the method of preparation of lipopolysac- 
charide as follows. 1) Previous removal of 
protein from cells by extraction with 0.15 M 
saline. 2) The dispersion of the aqueous sus- 
pension of cells in Waring blendor before 
the addition of phenol. 3) The addition of 


lower concentration of phenol (one tenth 
volume of 90 per cent phenol). The polysac- 
charides were easily extracted by these im- 
provements and purified by differential cen- 
trifugation, after ethano! precipitation. 

The lipopolysaccharide (Pi; fraction) thus 
obtained, was found to be toxic for mice but 
not to have immunizing potency. 

The similar toxic lipopolysaccharide was 
obtained from the vaccine as well as living 
cells by this procedure. From these results, 
it is, in practice, desirable to remove or de- 
stroy this toxic lipopolysaccharide without 
loss of immunizing potency of vaccine. The 
study on the suitable conditions for this pur- 
pose is under investigation. 


SUMMAY 


1. The lipopolysaccharide was extracted 
from the Hemophilus pertussis by lower con- 
centration of phenol. 

2. The toxicity of this fraction for mice 
was confirmed by the lethalty and the de- 
crease of body weight after injection. 
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In a previous paper (J) it was reported 
that the ribonucleic acids which were prepar- 
ed from various microorganisms and purified 
by the combined use of the Sevag method 
and the continuous paper electrophoresis tech- 
nique proved to contain 7 to 9 amino acids, 
when hydrolyzed with 6 N HCl at 100°C for 
20 hours. Their amino acid contents were 
determined to be approximately 1 per cent on 
the glycine basis. Suggestion has been made 
that these amino acids might exist as pep- 
tides in combination with the nucleic acid. 
In the succeeding study (2), various purified 
samples of yeast RNA from different sources 
were hydrolyzed with HCl under much milder 
conditions, liberating still 6 to 7 amino acids. 
This made it possible to consider that these 
amino acids might exist linked with RNA 
largely as single amino acids rather than as 
peptides. 

The present work was carried out to see 
whether purified yeast RNA may separate 
amino acids by quite a mild alkali treatment. 
Evidence has been offered that the RNA can 
release amino acids which are to be divided 
into at least three groups by the ease of separa- 
bility, indicating the possibility that there 
may be several at least three kinds of linkages 
between amino acids and RNA, differing in 
susceptibility to alkali. Data were also 
obtained in favor of the view that the amino 
acids may be in association with RNA in 
major part as peptides and in minor part as 
single amino acids. 


EXPERIMENTAL AND RESULTS 


Purified RNA employed for the present 


* This work was presented at the Biochemical 
Meeting of the 15th General Assembly of the Japan 
Medical Congress held at Tokyo in April, 1959. 


study is the sample designated as sample 
No. 2 in the previous paper (2) 7.¢, a com- 
mercial yeast RNA-Na (E. Merck) which was 
completely removed of protein by the Sevag 
method, followed by dialysis against distilled 
water at 2°C for three days. 

The purified RNA preparation was suc- 
cessively treated with alkali of different con- 
centrations which were raised in a triple 
manner such as, 0.01 NV, 0.1 N, and 1 N 
KOH. The treatment with any of the alkali 
was carried out five times repeatedly, whereby 
digestion time was prolonged stepwise such 
as; é23"' 0.5, 10) 2.0, 6.0" and “13 “hours; the 
total period of time extending over about 24 
hours. The details are as described below. 

Estimation of Amino Acids and Inorganic 
Phosphate Liberated in the Dialyzates of Each 
Alkaline Digests—2.50g. of the purified RNA 
were dissolved in 250ml. of 0.01 VN KOH and 
digested in a water-bath at 25°C for 30 
minutes, after which the reaction mixture 
was placed in “ Visking” dialysis tubing and 
dialyzed at 2~3°C against frequent change 
of distilled water until free of potassium ion. 
The combined dialyzates, in amount about 
12liters, were neutralized with perchloric 
acid and concentrated in vacuo to a volume 
of 25ml. Insoluble potassium perchlorate 
separated by neutralization as well as by 
concentration was removed by filtration. One 
ml. of the concentrate was used for the 
determination of amino acids including pep- 
tides, according to the ninhydrin method of 
Moore and Stein with slight modification 
(3). Two ml. of the concentrate were analyzed 
for the content of inorganic phosphate by 
the method of Fiske and Subbarow. 
The solution remaining in the dialysis tubing 
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was again made 0.01 NV with respect to KOH 
and digested again at 25°C for 1 hour and 
dialyzed against distilled water until free of 
alkali: The combined dialyzates were analyz- 
ed for amino acid and phosphate. The tubing 
content, after four time repetition of 0.01 NV 
KOH treatment, the digestion time being 
increased stepwise as mentioned above, was 
made 0.1 NV with respect to KOH, and the 
digestion and dialysis procedures were carried 
out five times ina similar manner. The final 
tubing content remaining after 0.1 VN KOH 
treatment was raised to an alkaline concentra- 
tion of 1 N KOH and then subjected to the 
same digestion and dialysis procedures men- 
tioned before, and the latter procedure was 
followed by assay of amino ccids and _phos- 
phate with the dialyzate. The data obtained 
are summarized in Table I. 

The above data are represented in the 
next diagram, in which the amount of amino 
acids and inorganic phosphate liberated by 
alkali of stepwise elevated alkalinity are 
plotted against the time of alkaline digestion. 

Proof for the Presence of Peptides together with 
Amino Acids in the Dialyzates of Yeast RNA— 
This was established by the next two experi- 


ments. 

1) Preliminary Test for Peptides—The final 
dialyzates, namely, No. 5 dialyzate of each 
of the three fractions as designated I, II, and 
III in Table I was employed for this purpose. 
A given amount (lml.) of the dialyzates 
(25 ml.) was hydrolyzed with 3N HCl at 
100°C for 20 hours and upon removal of the 
HCl and ammonia by disillation 7x vacuo, the 
amino acids present were determined by the 
ninhydrin method. The amounts of amino 
acids in the dialyzate before and after acid 
hydrolysis were estimated, the data of which 
are recorded in Table. II, indicating a con- 
siderable, z.¢., 2.5 to 6.2 fold increase in nin- 
hydrin value after acid hydrolysis, therefore 
the presence of not a few peptides. 

2) Experiment by the Combined Use of Paper 
Chromatography and Paper Electrophoresis—All of 
the remaining portion of No. 5 dialyzate of 
Fraction I (0.01 N KOH digest) was desalted 
by passing through resin columns of Dowex- 
I (OH) and Dowex-50(H). The final eluate 
was concentrated to an appropriate volume 
and applied to paper electrophoresis, yielding 
the result shown in Fig. 2-A. 

The area of the above electrophoresis 


TABLE I 


Estimation of Amino Acids (Including Peptides) in Term of Glycine and Inorganic Phosphate 


Separated in the Dyalyzates of Alkaline Digests of Yeast RNA (2.5 g.) 


Fraction I 


Fraction II Fraction III 


KOH concentration 0.01 V 
No. of dialyzate hie SO Che? Zh 
Time of digestion (hour) 


Time from the start (hour) 


0.5 1.0 2.0 6.0 18.0 
(Roy Mash Shey LS 7g 


0.1 N 1 N 
1 ETD! a 5 1 2 et 
Oh. IO, AAW CO) 1 OLD Om 22086, 0815.0 
OSS) Tee) ae) Ges) AG OMS 53-00 970 2405 


Amino acid liberated* (yg.) 431 
Wt (mg./100g. RNA) 


548 356 330 258 
W332 2, OMS a 32201 OFS 


237 VO23N 404 237232 
ios) AULD 34 Qa) G3! 


736 1,299 1,178 701 707 
TR) SY OVeM MLPA PAW) Doh 


Total 7 (ug.) 1,923 1,733 4,621 
” ~~ (mg./100g. RNA) Teal 69.5 185 
Inorganic P (ug.) | 6.381076 388 306 369} 430 375 373 405 373) 149 279 165 131 121 


/I (g./100g. RNA-P) 
Total inorg. P liberated (yg.) 
I! (g./100g. RNA-P) 


AH 
1.40 


0.32 0.54 0.19 0.16 0.19 


0.22 0.19 0.19 0.20 0.19 | 0.075 0.0141 0.083 0.066 0.061 
1,956 | 845 
0.99 0.43 


* Estimation of amino acids was carried out on the glycine basis, in which correction was made 
for the ninhydrin value due to the perchloric acid which was used for neutralization of alkali, since 
significant amounts of ninhydrin positive substance especially ammonia was present in the reagent. 


Amino Acids Bound to RNA. 


pattern, which was corresponding to neutral 
amino acid and was assigned with an arrow 
mark, was cut off from the paper and ex- 
tracted with water. The extract was develop- 
ed by two-dimensional paper chromatography 
to find an unknown spot in addition to those 
spots for glycine, serine, valine, eéc. as given 
in Fig. 2-B. 

This unidentified spot suspected of pep- 
tide was cut off from the paper and extracted 
with water. The extract was hydrolyzed 
with 3N HCl at 100°C for 20 hours. The 


28 


24 


N 
oO 


ny 


beoyyrertecerectoreeesteres 


io 


RSs 


STORES 


RQ ARAMA 


Z 


SS 


ZY 
Z 
Wht 


LITE ILI 


16 20 24 0 4 8 


a 


LIBERATION OF AMINO ACIDS FROM RNA IN TERM OF GLYCINE 
(mg. /100 g.RNA) 
o® 


Orr 4 Camelz 


G - 


“Mts 1111s 


II 483. 
hydrolyzate was rechromatographed to iden- 
tify the spot for serine, glycine, glutamic 
acid and histidine. The relivant chromato- 
gram is illustrated in Fig. 2-C. 

The same experiment was also made 
with each of No. 5 dialyzates of Fraction II 
(0.1 V KOH dsgest) and Fraction III (1 N 
KOH digest), obtaining results similar to 
those found with Fraction I. 

Formation of Histidine Hydroxamate—One g. 
of purified RNA was dissolved in 4ml. of 
water and 10mg. of hydroxylamine hydro- 


<—— 001N KoH = ——>—— 0.1 KoH = > —— 1 kon 


we 


WAARSESRRRRRAT ERR RRN 


y 
4 
4 
4 
Z 
4 
Z) 
A 
A 
% 
4 
4 
4 
4) 
G 
4 
4 
A 
Z 
4 
% 
4 
4 
Z 
4 
yj 
4 


ARATURBATT ALLA RTE REAR RRRERE 


ANAAAAAAAAAAAARAAAAARARARAARARRRRRRRR 


WG 


Y 


SY 


TWABABRTEUARLEETETALEAVEReE 


(d-vny 6001/76) 
VNY WOYS SNYOHdSOHd DINVSYON! JO NOILWY3aI7 


(ZE1624 20") “OR Cg Se (2-916 


20 24 


TIME OF ALKALINE DIGESTION (hours) 


Big 9d. 
alkaline 


treatment, the alkalinity of which being elevated stepwise. 
amino acids liberated and the dark ones inorganic phosphate released. 


Liberation of amino acids and inorganic phosphate from the purified yeast RNA by 


The hatched areas denote 
The area which is situated 


above No. 5 dialyzate of each fraction and encolsed by a dotted line indicates the increments of 
ninhydrin values produced by total acid hydrolysis of that portion of dialyzates. 


TasxeE II 
Increase in Ninhydrin Values in Term of Glycine of Dialyzates qy Acid Hydrolysis 
sintnan Dialyzate* 
INGE No. 5 No. 5 
(Fraction I) (Fraction II) (Fraction WT) _ 
pg. US. pg. 
Ninhydrin value 
before acid hydrolysis 10.3 9.28 28.3 
j 3 63.8 | 9.28 70.7 
ane enero aie (10.3 1.2) (9.28% 5.4) (28.3 2.5) 


}) 


* Analysis was made using 1 ml. portion of each 25 ml. dialyzates. 
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Paper chromatography 
Fic. 2-A. Paper electrophoresis pattern of 
No. 5 dialyzate of Fraction I (0.01 N KOH digest) 
of yeast RNA. Conditions: buffer pyridine- 
AcOH-H,O (10:0.4:90) of pH 6.5, 800volt, 45 
min., 2mA/cm., Toyo filter paper No. 50. 


gisritces) 
Val G Phe ( trace) 


7g ———— > Hydrolysis 


Peptide ( Unknown ) 


ee 
L 


(2) —> n-BuOH- ACOH-H20 (4:15) v/v 


(1) —> PhOH-H,O ( 80:20) v/v 


Fic. 2-B. Paper chromatogram of the por- 


tion corresponding to neutral amino acid 


separated by electrophoresis shown in Fig. 2-A. 


chloride were added. The reaction mixture, 
upon adjustment of pH at about 5.5, was 
allowed to stand overnight at 2~3°C with 
occasional shaking. The solution was next 
dialyzed against distilled water and the dialy- 
zate was evaporated in vacuo to dryness. The 
residue was dissolved in a little water and 
applied to paper electrophoresis. The pattern 
developed with ferric chloride solution reveal- 
ed a single spot of reddish-brown color in 
accord with the check spot of histidine 
hydroxamate, as shown in Fig. 3. 


DISCUSSION 


It has been experimentally evidenced 
that the purified yeast RNA is able to separate 
very small amounts of amino acid as well as 
inorganic phosphate in three steps correspon- 
ding to varying alkalinity, when treated with 
dilute alkali such as, 0.01.V, 0.1N, and 1N 


> 
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(1) —> PhOH-H20 ( 80:20) v/v 


(2)—> n-BUOH-ACOH- H20 (4:1:5) v/v 


Fic. 2-C. Chromatogram of the Hydroly- 
zate of the extract from the peptide suspective 


spot. Conditions: the same as in Fig. 2-B. 


i 
His-ONH2 Gly-ONH2 


3} Q Oh ‘e 


Fic. 3. Paper electrophoresis pattern of histidine 
hydroxamate (His-ONH,). Condition: acetate buf- 
fer pH 5.5, 600 volt., 1.5 hours, 0.7 mA/cm., Toyo 
filter paper No. 50. 
histidine employed as check substance were prepared 
according to Safir and Williams (4). 


Hydroxamates of glycine and 


KOH at 20°C. The separated amount of 
amino acid in each of the three fractions I, 
II, and III was in the order of III>I>I], 
whereas that of inorganic phosphate was 
i bliss AN 

The fact that amino acids appear forming 
three sharp peaks in the alkaline digest of 
RNA seems to suggest that at least three 
different alkali susceptible links may exist 
between amino acid and nucleic acid. With 
regards the inorganic phosphate, which was 
liable to be liberated mainly in Fraction I 
and II, is considered to be of alkali labile 
nature. 

According to the work by Potter and 
Dounce (5), it was pointed out that firmly 
bound amino acids are present in the alkali 
stable fractions of the Schmidt-Thannh- 
auser digest of RNA from calf pancreas, 
rabbit, and yeast. The amino acids were 


_Amino Acids Bound to RNA. II 485 


postulated to be linked with phosphate group 
through their amino group as phosphoamide. 
However, they failed to observe amino acids 
in the mononucleotide, or alkali labile fraction. 
This alkali labile fraction was meant by those 
fractions which can be split off as mononu- 
cleotide, when RNA is treated with 1N NaOH 
at 37°C for 15 hours. In the present study, 
however, an alkali labile fraction does mean 
those fractions which are released by treatment 
with alkali having concentration equal to or 
smaller than 1 N KOH, e.g., 0.01N and 0.1N 
KOH at 20°C for about 24 hours. 

Concerning the other type of the bond 
involved between amino acids and the nu- 
cleotide, carboxy-phosphoryl or carboxy phos- 
phoanhydride type was postulated as initial 
activation step of amino acid prior to protein 
synthesis by Hoagland (6). Meanwhile 
Lipmann ¢é al. (7) made an experiment 
which demonstrated, using C-labelled leucine, 
the formation of amino acid ribose ester bond 
in the soluble RNA of the rat liver, an 
important finding from the point of protein 
synthesis. 

The other type of combination of amino 
acid with nucleic acid or nucleotide will be 
via pyrophosphate as found in uridine-diphos- 
phate compounds. The latter compounds, 
however, usually readily release inorganic 
phosphate as well as component sugar by 
mild acid hydrolysis, but not by mild alkali 
treatment, since the glycosidic linkage between 
phosphoric acid and sugar is rather resistant 
to alkali. In this connection the work of this 
laboratory (@) should be noticed, according 
to which from a unique strain of Alcaligenes 
foecalis was isolated a peculiar kind of nucleic 
acid, conveniently named as “alcaligenic acid”, 
and the substance contained about 8.5 per 
cent of sugar-peptide complex in bound form 
together with labile phosphate, both of which 
were split off when heated for 7 minutes at 
100°C in 1N HCl. The present data which 
showed that mild alkali treatment of yeast 
RNA is able to liberate simultaneously both 
inorganic phosphate and amino acids may 
possibly be accounted for by assuming that 
the amino acids and pyrophosphate are bound 


together either by an aminoacyl or an amido- 
phosphoryl group. Since no information is as 
yet available concerning such kind of com- 
pound, these types of combination seem to be 
possible, but less probable. Anyway, the 
nature and origin of alkali labile phosphate 
in yeast RNA still remain to be elucidated. 
In view of those mentioned above, it 
appears likely that at least four types of 
linking may be involved between amino acid 
and RNA, namely, 1) N-phosphoryl tpye, 2) 
aminoacyl-phosphoanhydride type, 3) amino 
acid ribose ester type, and 4) diphosphate or 
pyrophosphate type. Moreover, the possibility 
cannot be excluded that amino acids are 
linked with the base components of RNA. 
These various types seem to differ from 
each other in lability to alkali. Among them 
the most labile ones will be the aminoacyl- 
phosphoanhydride type and the diphosphate 
tpye because of their acid anhydride nature. 
The less labile one will be the N-phosphoryl 
type, since according to the study of Chant- 
renne (9)ascited by Potterand Dounce 
(5) the phosphoamide bonds of the type 
O 
x 
P 


INJIB LIRR are more stable than 


aS 
OH 

the simple phosphoamide bonds that occur 
in phosphocreatine and phosphoarginine. The 
least labile one will be the ribose ester type. 
One of the reasons for this is, as reported by 
Lipmann (7), that between 2'/3’-leucine 
ester of AMP and leucy-AMP anhydride there 
is found considerable difference of reactivity 
of these amino acid derivatives with 1M 
hydroxylamine at pH 5.5 and 0°C, the former 
having values much lower than the latter. 

Based on this premise the data of the 
present study can be accounted for as follows. 
Fraction III seems to include those amino 
acids which are not so readily liberated by 
dilute alkali, therefore being of the ribose 
ester type. Fraction I, on the contrary, may 
contain the most labile amino acids, accord- 
ingly, those belonging to the aminoacyl-phos- 
phoanhydride and the diphosphate type. 
Fraction II, being the intermediate of Fraction 


R—O 
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I and II, may represent the less labile amino 
acid involved in the N-phosphoryl type. 
Whether or not this conjecture is real, is a 
problem to be solved experimentally by future 
study. 

However, it can be said undoubtedly that 
small amounts of amino acids bound to RNA 
are set free at least in three groups by 
various mild alkali treatments, owing to the 
different susceptibility to alkali of the linkages 
involved. A support for the presence of labile 
amino acid has been provided by the form- 
ation of histidine hydroxamate. However, 
none of the other amino acid hydroxamate 
has yet been obtained, for which further 
detailed studies are required. The reason for 
the hydroxamate formation limited to histi- 
dine may be partly due to the fact that 
histidine is apparently the predominant amino 
acid bound to the RNA in concern. ‘That 
the free amino group is present in the various 
amino acids linked with RNA has _ been 
demonstrated by the unpublished data obtain- 
ed in this laboratory, according to which 
dinitrophenylated RNA preparations were 
treated in a similar manner with different 
mild alkali, yielding several kinds of DNP- 
amino acids in the dialyzates. 

With regard to the occurrence of peptide 
in bound form, the amino acid found in the 
RNA being studied seems to be associated 
in major part as peptide and in minor part 
as amino acid, as shown in Table II, which 
represents a considerable increase in ninhydrin 
value of No. 5 dialyzate of each fraction as 
a result of acid hydrolysis of the dialyzate. 
The study is now in progress, to elicit the 
nature of links between amino acid and 
nucleotide with the fraction which appears 
as nucleotides in Fraction III. 


SUMMARY 

1. Yeast RNA, completely purified by 
the Sevag method and prolonged dialysis, 
separated in the dialyzates very small amounts 


of mixture of amino acid and peptide toge- 
ther with a trace of inorganic phosphate, 
forming three sharp peaks of Fraction I, II 
and III, when treated consecutively at 20°C 
with dilute alkali of varying concentrations 
such ~as, 0.01 VN, 0.1N, and 1N K@H in-a 
triple manner and each time dialyzed. Treat- 
ment with the same alkali concentration was 
carried out repeatedly five times, the diges- 
tion time of which being prolonged stepwise 
such as, 0.5, 1.0, 2.0, 6.0, and 15 hours. 

2. The nature of links between amino 
acid and RNA involved in three fractions 
and also the origin of inorganic phosphate 
were conjectured. 

3. Fraction I, the dialyzate of 0.01N 
digest, comprising the most alkali labile amino 
acids, presumably deals with the aminoacyl- 
phosphoanhydride type and the diphosphate 
type. Fraction II, the dialyzate of 0.1 N KOH 
digest, being less alkali labile, may represent 
the N-phosphoryl type. Fraction III, the dia- 
lyzate of 1 N KOH digest, being relatively 
alkali stable, may include the amino acid 
ribose ester type. 

4. A greater part of the bound amino 
acids seems to be in peptide form. 
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The mechanism with which erythrocytes 
maintain their biconcave shape has remained 
to be clarified for a long time. An antispher- 
ing factor which Furchgott and Ponder 
(1) once proposed was doubted by Ponder 
himself (2) later. Recently, Prankerd (3) 
suggested that red blood cell envelopes might 
possess a certain contractile property, since 
the incorporation of P* is low in the esters 
of the stroma obtained from those species 
with spheroidal red cells or from patients 
with hereditary spherocytosis. 

In the course of the study on metabolism 
in preserved erythrocytes, following informa- 
tions were obtained by the authors (4, 5): 
1) Adenosine triphosphate (ATP) in erythro- 
cytes, which had been almost entirely elimi- 
nated after long-term storage and could not 
be regenerated with the addition of inosine 
only, increased rapidly and occasionaly rose 
above the normal level after incubation with 
the addition of both adenine and a purine 
nucleoside at 37°C. 2) Erythrocytes preserved 
for a long time are smooth spheres and, when 
they were incubated with adenine and nucleo- 
side, they became crenated at first and 
changed to cap forms or became discoidal 
with the increase of ATP. 

The present report is concerned with an 
experimental proof of the existence of an in- 
timate relationship between the shape of ery- 
throcytes and ATP level in them, using this 
technique of ATP regeneration in erythrocytes. 
A preliminary experiment along this line has 


* Present address: Department of Biochemistry, 
Faculty of Medicine, Yokohama University, Urahune- 


cho, Minami, Yokohama, Japan. 


already been published elsewhere (6) and some 
of the present results were summarized briefly 
in the 8th Congress of International Congress 
of Haematology (7). 


MATERIALS AND METHOD 

Human red blood cells obtained by venipuncture 
were washed three times with physiological saline and 
suspensions of these cells in physiological saline with 
a definite amount of 0.154M@M NaF and in the same 
amount of physiological saline as a control were pre- 
pared. 

Microscopical observation was carried out using 
hanging-drop-method. 

After 1) ml. portions of about 30% cell suspension 
were incubated at 37°C under different conditions, 
each was centrifuged, the supernate discarded and 3% 
perchloric acid was added to the precipitate to the 
final volume of 12ml. Five ml. of the supernate was 
neutralized with 5ml of a dilute KOH solution, and 
KCIO, precipitate was centrifuged off. Then, 5ml. of 
the solution was analyzed by the Cohn and Carter’s 
method usinz chromatography of Dowex 1 (Cl) (@&). 


RESULTS AND DISCUSSION 


During incubation with a final concent- 
ration of 2x10-°M of sodium or potassium 
fluoride, the discoidal shape of the cells 
changed to a crenated disk at about two 
hours, a crenated sphere at about four hours, 
aud after six hours almost all the cells were 
transformed to smooth spheres (Fig. 1A). On 
the other band, when the cells were incubated 
with 5x 10-3M of glucose and without addition 
of fluoride, their shape remained entirely un- 
changed even after six hours (Fig. 1B). When 
the cells were incubated without addition of 
either glucose or fluoride, the change of the 
shape to spheres was retarded (Fig. 1C). 
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Time (hours) 


EG 
saline alone (C), for 2, 4 and 6 hours. 


Furthermore, smooth sphere cells obtained 
after fluoride-treatment for 6-7 hours were 
washed four times with cold saline in order 
to wash out fluoride thoroughly and incubated 
further in a medium with 5x 10M glucose, 
1x10-°*M inosine and 2x10-*M adenine to 
restore the ATP content in the cells as in the 
previous experiments. Within one hour the 


Washed erythrocytes were incubated with NaF (A), glucose (B) and with 


shape of the incubated. cells turned to a cre- 
nated and then after 2 or 3 hours became a 
biconcave or a shallow cup ferm again (Fig. 2). 
The addition of inorganic phosphate and ma- 
gnesium ion was occasionaly effective in ac- 
celerating ATP synthesis and transformation 
of the shape, on account of the compensation 
of the loss of these ions which flowed out 
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Time (hours) 


Fie. 2. 


and reincubated with saline alone (D), with 


adenine (F). 


from inside the cells during preincubation 
and washing (Fig. 3). The disk-sphere trans- 
formation and vice versa could be repeated 
several times. The phenomenon was also ob- 
served in red cells obtained from preserved 
human blood or from rat or pig blood as 
well. 


Erythrocytes treated with NaF for 6 hours were washed to eliminate NaF, 


glucose (E) and with glucose, inosine and 


In parallel with the morphological obser- 
vation described above, the content of adeno- 
sine triphosphate (ATP) and adenosine di- 
phosphate (ADP) in the cells were estimated 
according to Cohn and Carter (8). 

The data are shown in Fig. 4 and 5. 
The abscissa indicates the concentration of 
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ATP or ADP and the ordinate, the percentage 


c= 
on of disk, crenated and smooth spheres respec- 
= (3 Sine tively throughout the whole population of the 
aes ee cells. As seen in Fig. 4, when ATP level was 
e . above a half of normal content, or about 
e NoF Adenine 50 mole per 100 ml. of cells, erythrocytes were 
+|nosine y 
3 100K | discoidal as control erythrocytes; when ATP 
= Y level was below one tenth of the original 
: f ee ee level, about 15 #mole per 100 ml. of cells, 
.: 50 LS —x(o){sinosine h b th h . d hen the 
: es —— pace ee they became smooth spheres; and w 
amount of ATP was between these two levels 
<< @ [QO One addition F; , A 
Fs aise they were crenated. However, as Fig. 5 indi- 
© 2 4 Oa EERE Sean cates there was no correlation between ADP 


TIME (h 
(hours) level and the shape of erythrocytes. 


Fic. 3. Washed erythrocytes were incubated Although the amount of totale adenine 


with NaF at 37°C for 6 hours and after washing 


out fluoride, reincubation was carried out with nucleotide was emphasized in the preliminary 
addition of inosine, adenine and glucose (a), and ‘ c 
with addition of adenine, inosine and inorganic report (6), the amount of ATP exactly eu 
phosphate (b). mated seems to have a more direct relation- 
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Fic. 4. Adenosine triphosphate level in erythrocytes and their shape. Abscissa: Percentage of 
the cells with various shapes. Ordinate: The content of ATP in erythrocytes. 
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Fic. 5. Adenosine diphosphate level in erythrocytes and their shape. Abscissa: Percentage of the 
cells with various shapes. Ordinate: The content of ADP in erythrocytes. 
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ship to the shape. 

A similar transformation was also observed 
during the preservation of blood in Acid- 
Citrate-Dextrose-Medium at 4°C: the bicon- 
cave disks changed to crenated disks at first 
after several days and then to crenated spheres 
and finaly to smooth spheres after more than 
several weeks. Calculated from the results 
which were obtained from gradient elution 
technique of ion exchange column chromoto- 
graphy on Dowex 1, adenosine triphosphate 
contents of the cells and photographs of the 
preserved erythrocytes are shown in Fig. 6. 
Each cell shape type was quite the same 
whether it was observed at 2°, 20° or 37°C. 

The observations presented here lead us 
to the following conclusions: 


1 day 


12 days 


1. If ATP content in red cells is over a 
certain level, that is about 50 per cent of the 
original level, the normal shape of the cells 
is maintained, and if it is below this level the 
shape becomes crenated, and when it de- 
creases to below about 10 per cent, the shape 
of the cells changes to a perfect sphere. 

2. The presence of plasma protein is not 
necessary for the red cells to maintain their 
discoidal shape. Therefore, the presence of 
antisphering factor in plasma was decisively 
denied. 

3. Other workers have reported that 
change of pH and ionic strength causes a 
similar transformation (/0, //). In this ex- 
periment, however, ATP level gives rise to 
the disk-sphere and also spherical shape-disk 


28 days 


ATP 99 pmoles/130 ml. 
cells cells 


56 days 


ATP 36 »moles/100 ml. 


ATP 5.1 pmoles/100 ml. cells 


: 


ATP 21 uvmoles/100 ml. 
cells 


190 days 


Fic. 6. Erythrocytes preserved in Acid-Citrate-Dextrose-Medium 


for 12, 28, 56 and 190 days. 
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transformation of red cells, while pH, cation 
concentration and ionic strength remained 
unchanged. 

4. The maintenance of the shape of the 
red cells may depend not on the turnover of 
ATP, but on the level of ATP, because the 
cell shape remained quite unaffected by a 
temperature change alone. 

The fact that ghost obtained from long- 
stored red cells changed to a goblet-like shape 
with the addition of ATP in the final con- 
centration of 0.03-0.04 Wf or higher, differing 
in this respect from intact erythrocytes, has 
been previously reported by the authors (/2). 

The observations provide experimental 
evidence for the assumption that the shape of 
the erythrocytes is dependent upon ATP level 
in the cells under normal conditions. The 
observed phenomena might also recall the 
relation between the plasticity of muscle and 
its relatively high ATP content. It might be 
a general rule that ATP is necessary for the 
manifestation of the normal shape in various 
types of the cells. 

The extraction of ghost protein is now in 
progress in our laboratory and will be reported 


M. Nakao, T. Nakao, S. YAMAZOE and H. YosHIKAWA 


elsewhere. 
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Over the past 50 years the study of the 
mechanism of intracellular respiration has 
been greatly facilitated by the introduction 
of respiratory inhibitors which react selectively 
at one point in the chain of enzymes and 
carriers which are responsible for the oxida- 
tion reactions. The most useful inhibitors 
used at present are cyanide and carbon 
monoxide (/) which combine with cytochrome 
a3 (2) at the oxygen end of the chain, anti- 
mycin (3, 4) which reacts in the middle of 
the chain and Amytal (5) which reacts nearer 
the substrate end of the chain in the region 
of the DPNH-oxidizing flavoprotein. Amytal 
is useful since in concentrations of about 
1 mM it almost completely inhibits the oxida- 
tion of DPNt-requiring substrates without 
having any effect on the oxidation of those 
substrates like succinate and glycerol phos- 
phate which enter the respiratory chain by 
direct reaction with flavoprotein. 

All four of the inhibitors mentioned 
above are effective with both phosphorylating 
and non-phosphorylating preparations of the 
respiratory chain. Hé6llunger (6) introduced 
a new type of selective inhibitor, guanidine, 
which inhibited respiration coupled with 
phosphorylation, without having any effect 
on the non-phosphorylating respiration of 
mitochondrial fragments or of mitochondria 
in the presence of dinitrophenol. Guanidine 
has not been widely used, probably because 
the mitochondria must be preincubated with 
rather high concentration for complete in- 
hibition. More recently, Lardy, Johnson 
and McMurray (7) have introduced the 
antibiotic oligomycin which, in very low con- 
centrations, has effects similar to _ those 
brought about by guanidine. 


The starting point of the present investi- 
gation was the report by Lardy et al. (7) 
that oligomycin inhibited the oxidation of 
succinate by rat-liver mitochrondria by only 
60 per cent, although the oxidation of gluta- 
mate was completely inhibited, while the 
phosphorylation associated with the residual 
respiration of succinate was completely in- 
hibited. As the investigation proceeded the 
great value of oligomycin as a tool in the 
study of coupled oxidations became apparent. 
It is the main purpose of the present paper 
to draw attention to this fact. 


METHODS 


Rat-liver mitochondria were isolated by the method 
of Hogeboom (8) as described by Myers and 
Slater (9), rat-heart sarcosomes by the method of 
Cleland and Slater (J0). The heart-muscle prep- 
aration (7) was prepared from horse heart as describ- 
ed by Slater (/2). Hexokinase was isolated by the 
method of Darrow and Colowick (/3); its activity 
is expressed in the units of Berger et al. (/#). 

Oxygen uptake, except with ascorbate as substrate, 
was measured at 25°C with differential manometers, 
with a constant of about 0.7 vl. O./mm. manometer 
fluid. The reaction volume was I1ml. The centre 
well contained 0.1 ml. 2M KOH and a roll of filter 
paper. When oxidative phosphorylation was measured 
the reaction was stopped with trichloroacetic acid and 
the esterified phosphate measured by Method II of 
Slater): 

The ATPase activity was measured at room tem- 
perature (19+1°C) as described by Myers and 
Slater (9), except that Tris-HCl was used as buffer. 

The ADP-ATP exchange reaction was measured 
essentially as described by Wadkins and Lehnin- 
ger (16). 8-C!4-ADP was prepared from 8-C'4-ATP 
(Schwarz) by reaction with hexokinase and glucose. 
After adding trichloroacetic acid and serum albumin, 
carrier ADP was added to the protein-free supernatant 
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and the ADP was purified by adsorption on washed 
charcoal and elution with 50% ethanol-0.5% NH,OH 
(sp. gr. 0.880). The preparation was free from ATP 
or AMP detectable by paper electrophoresis. In the 
protein-free extracts obtained after an experiment in 
which the ADP == ATP exchange was studied, ADP 
was separated from ATP by paper electrophoresis in 
a water-cooled electrophoresis apparatus (E.C: Ap- 
paratus Co.), containing 6.4x50cm. strips of Schlei- 
cher & Schill SS 598 paper in 0.08M citrate buffer, 
pH 5.8. Running for 3 hours at 9 volts/cm. was 
sufficient to separate ATP, ADP and AMP. The 
nucleotides were eluted with 3 ml. water and a sample 
counted after evaporation on stainless-steel pans in a 
Nuclear Chicago D 47 gas-flow counter with a very 
thin mica window. 

Protein was determined by the biuret method as 
described by Cleland and Slater (JO). 

Antimycin was kindly supplied by the Kyowa 
Fermentation Company, oligomycin was kindly sup- 
plied by Dr. J. Links. A molecular weight of 333 
was assumed for the oligomycin (Lardy et al. (7) 
state that 2 ug./ml.=6x10-§ M).* 


RESULTS 


Effect of Oligomycin on Oxidation of Glutamate, 
Succinate and Ascorbate—In agreement with 
Lardy et al. (7), oligomycin was found to 
inhibit the oxidation of glutamate by more 
than 90 per cent, while the inhibition of 
succinate oxidation was incomplete, amounting 
to 75 per cent in the experiment shown in 
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sufficient for maximum inhibition. Since a 
large part of the O, uptake measured when 
liver mitochondria are oxidizing relatively 
low concentrations of succinate is due to 
oxidation past fumarate (/7), it was important 
to know whether the oxidation step succinate 
— fumarate was at all inhibited by oligomycin. 
This was studied by using 2.1 mdf Amytal to 
inhibit the further oxidation of the fumarate. 
The experiment summarized in Table II 
shows that, under these conditions also, 
oligomycin inhibited succinate oxidation and 
that the inhibition was incomplete, varying 
between 54 per cent. and 76 per cent in 
different experiments. 

The results shown in Table II (for suc- 
cinate) and Table III (glutamate) confirm the 
important finding of Lardy e¢ al. (7) that 
the inhibition of respiration can be prevented 
by dinitrophenol. In contrast dinitrophenol 
has no effect on the inhibition by antimycin. 
In the presence of dinitrophenol, even 4 pg./ 
ml. oligomycin had no effect on the oxidation 
of succinate. Fig. 1 shows that the inhibition 
of succinate oxidation by oligomycin (54 per 
cent in this experiment) disappears completely 
when dinitrophenol is added to the reaction 
mixture. ‘Table IV shows that low concentra- 
tions of dinitrophenol are sufficient. 

Effect of Oligomycin on Oxidative Phosphoryla- 


Table I. A concentration of 0.75 yg./ml.  tion—In agreement with Lardy et al. (7) it 
oligomycin (1.4 ymoles/g. protein) was was found that 0.75 yg./ml.  oligomycin 
TaBLe | 


Inhibition by Oligomycin of Oxidation of Glutamate and Succinate by Rat-liver Mitochondria 


15mM KCl, 2mM EDTA, 20mM glucose, 25mM Tris-acetate buffer (pH 7.4), 30mM _ phosphat 
5mM MgCl, 0.l1mM ATP, 4% ethanol (from the oligomycin), 50 mM Dees 0.01 Ape 
0.02 M@ u-glutamate, 150 units hexokinase, 1.6 mg. mitochondrial protein. 


Oligomycin : Glutamate Succinate 
ymoles/mg. a Pe 
(g./ml.) mitochondrial untomdbe | , 
protein pl. Oo/h. Inhibition (%) pl. Oz/h. Inhibition (%) 

0) 0 116 oe! x sa 230 ie od 

O25 0.5 104 10 212 8 

0.75 1.4 11 91 | 58 75 

F5IOS) 4.2 | 9 92 56 76 


* Note added in proof (April 22, 1961). 


The properties of oligomycin are reviewed by J. Visser, D. E. 


Weinauer, R.C. Davis and W.H. Peterson (J. Biochem. Microbiol. Techn. Eng. 2, 31 (1960)) which has 


just come to our notice. 
of molecular weights 424, 394 and 478, respectively. 


It consists of a complex of three structurally related components (A, B and C) 
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TABLE II 


Inhibition by Oligomycin and Antimycin of Oxidation of Succinate by Rat-liver Mitochondria, 
in the Presence of Amytal, and in Presence and Absence of Dinitrophenol 
The conditions were the same as in Table I, except that ethanol was 5% and 2.1mM Amytal was 
also present; 1.75 mg. mitochondrial protein. 


‘ p Qeomygines | Antimycin without dinitrophenol with 0.1 mM dinitrophenol 
(vg./ml.) (umole/g. | (umole/g. 2. 2 eee. OES. 23S oe Se ah OF — 
protein) Leet pec | pl. Oz/h. | Inhibition (%) | pl. O,/h. | Inhibition (%) 
6) 0 0 | 149 = 140 — 
0.75 ig | 0 | 64 57 129 8 
150 HAS 0 | 60 60 Z 158 —13 
0 0 0.6 | a. 95 81 94 


Asie LU 


Inhibition by Oligomycin and Antimycin of Oxidation of Glutamate by Rat-liver 
Mitochondria, in Presence and Absence of Dinitrophenol 


The conditions were the same as Table I except ethanol, 3% and Tris-HCl buffer instead of Tris- 
acetate ; mitochondrial protein, 1.55 mg. 


micaacincad eau | Antimycin | without dinitrophenol with 0.1 mM dinitrophenol 
a3 taal en cl rr Pe ie Le 
protein) | pl. Os/h. | Inhibition (%) | pl. O./h. | Inhibition (%) 
0 0 0 163 = 198 — 
0.75 1.4 0 12 71 93 202 =" 
1.50 2.9 | 0 | 19 | 88 212 =F 
0 0 0.7 | i2- _| 93 10 95 


TaBLe IV 


Effect of Dinitrophenol Concentration on Oxidation of Succinate (in presence of Amytal) by Rat-lwer 
Mitochondria in Presence and Absence of Oligomycin 


The conditions were the same as in Table IJ, except ethanol, 2% ; Amytal, 0.7 mM; mitochondrial 


protein, 1.7 mg. 


without oligomycin with oligomycin (1 yg./ml.) 
Dinitrophenol [eagles a ee $5}. ee a i. & 
(uM) Bae 
pl. O2/h. PaO) idle, (Ghyow % Inhibition 
0 245 1.66 60 75 
1 239 0.99 80 67 
5 250 0.74 104 58 
10 243 0.50 242 | 0 
| | 
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completely inhibited the phosphorylation as- 
sociated with the oxidation of succinate by rat- 
Be liver mitochondria and rat-heart sarcosomes. 
TABLE V 
Effect of Oligomycin on Phosphorylation Coupled with 
mee the Oxidation of Ascorbate (in presence of cyto- 
a chrome c) by Rat-heart Sarcosomes 
x 
= Rat-heart sarcosomes were treated hypotonically 
oe by Procedure (b) of Slater (/8). 30m potassium 
° 100 phosphate, 0.2mM ADP, 0.2mM AMP, 5mM MgCl, 
l1mM EDTA, 20mM glucose, 10mM potassium as- 
corbate, 284M cytochrome c, 100 units hexokinase, 
0.6-2.8% ethanol. 0.2mg. sarcosomal protein/ml. 
‘ Reaction vol., 3.15ml. 20min. at 25°C. 
TIME ( minutes ) ek, ee «So Saar a ae a 
Olfsomcin | NEO ie Nec stamiban 
oe Ue i Naigs by dinitrophenol = inhibition (ug. ral) (umoles/g. P2© 
by oligomycin of oxidation of succinate. The protein) | Hatoms #moles 
conditions were the same as in Table II, except [-—————_} — --— 
pH 7.0; ethanol, 2%; mitochondrial protein, 0 0 | 3.68 1.30 0.35 
1.3mg. Curve 1, mo further addition; Curve 2, 0.64 10 | 3.81 0 0 
0.7mM Amytal; Curve 3, 0.7mM Amytal and 1.91 29 | B3./7 =O) 0 
1 yg./ml. oligomycin ; 0.2 mM dinitrophenol added 2.85 43 | 3.62 —OASH6) 0 
at arrow. Fan nes a Sy) pea (ea fe 


600 | 300) 


500 
Za 2 BS 
= 400 =r200 
i w 
M A 
a < 
300 ig 
Se =) 
' ' 
ro S 
200 100 
{ ° 
100 
° 
2 10 20 30 0 20 30 
T 1ME (minutes ) TIME (minutes ) 


Fic. 2. Effect of oligomycin on rate of oxidation of succinate or glutamate by rat-liver mitochondria 


in the absence of ADP. 


no 


A. The conditions were the same as in Table II except ethanol, 3% ; mitochondrial protein, 2.7 mg. ; 
hexokinase before tip. At arrow, 150 units hexokinase added. Curve 1, no oligomycin; Curve 2. 


oligomycin, 0.75 yg./ml. 


in 


mycin, 2 “moles ADP added at arrow; Curve 3, 0.75 pg./mil. 


Ba ihe conditions were the same as in A (same mitochondrial preparation), except glutamate (20 mM) 
place of succinate. Curve 1, no oligomycin, hexokinase (150 units) added at arrow; Curve 2, no oligo- 
oligomycin; hexokinase added at arrow ; 


Curve 4, 0.75 ug./ml. oligomycin; ADP added at arrow. (The breaks in Curves 3 and 4 at the time of 
addition are due to a ‘tipping artefact ’’) Y 
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It was also found (Table V) that phos- 
phorylation coupled with the oxidation of 
ascorbate (in the presence of cytochrome c) 
by swollen rat-heart sarcosomes (/8) was com- 
pletely inhibited by oligomycin. The O, 
uptake was not affected. 

Effect of Oligomycin on Respiration in the 
Absence of ADP or Inorganic Phosphate—Lar dy 
and Wellman (J9) showed that both ADP 
and inorganic phosphate are required for 
maximum respiration by rat-liver mitochon- 
dria. Although the degree of stimulation of the 
respiration by adding ADP toan ADP-deficient 
system or by adding phosphate to a phosphate- 
deficient system is always several-fold, there 
is nevertheless an appreciable “ basal” respira- 
tion especially with succinate as substrate 
(see, for example, Slater and Hiilsmann 
(20)). 

Fig. 2 shows that oligomycin has no 
effect on this basal respiration measured in 
the absence of ADP, with either glutamate 
or succinate as substrate for rat-liver mito- 
chondria. Oligo mycin was also found to 
have no effect on the rate of oxidation of 
glutamate or succinate measured in the 
absence of inorganic phosphate with either 
rat-liver or rat-heart sarcosomes. Fig. 3 


h 
oO 


20 


O2-UPTAKE (yl.) 


TIME (minutes ) 


Fic. 3. Effect of oligomycin on rate of oxi- 
dation of glutamate by rat-heart sarcosomes in 
the absence of inorganic phosphate. 15mM KCI, 
2mM EDTA, 50mM Tris-HCl (pH 7.5), 0.9mA¢ 
ADP, 20mM glucose, 5mM MgCl,, 20mM 
L-glutamate, 1% ethanol, 100 units hexokinase, 
1.2mg. sarcosomal protein in all flasks. Curve 1, 
10mM phosphate also present (the sharp break in 
the curve corresponds to the exhaustion of the 
phosphate); Curve 2, no further addition; Curve 
3, 1 ug./ml. oligomycin, 10 mM phosphate present ; 
Curve 4, 1 yg./ml. oligomycin, no phosphate. 


AQ] 


illustrates this for rat-heart sarcosomes oxidiz- 
ing glutamate. 

The rate of oxidation of succinate by the 
non-phosphorylating Keilin and Hartree 
heart-muscle preparation was not inhibited 
by up to 30yg./ml. oligomycin; the DPNH 
oxidase of this preparation was inhibited 
about 10 per cent (Golpa-Boonstra, un- 
published). 

In the absence of phosphate, the oxida- 
tion of substrates by rat-liver mitochondria 
can be stimulated by arsenate (21-23). This 
arsenate-stimulated oxidation was also found 
to be inhibited by oligomycin. In contrast 
to dinitrophenol, arsenate was unable to 
release the inhibition by oligomycin either in 
the absence or presence of phosphate (see 
Figs 4).* 


60 


40 


O2- UPTAKE ( ul.) 


20 


ol 


TIME (minutes } 


Fic. 4. Effect of arsenate in the presence 
and absence of phosphate on the inhibition by 
oligomycin of the oxidation of glutamate by rat- 
liver mitochondria. The conditions were the same 
as in Fig. 3. 4.1 mg. mitochondrial protein. 
Curve 1, 30mM arsenate tipped at Arrow 1; 
Curve 2, 30mM arsenate+10mM phosphate tip- 
ped at Arrow 2; Curve 3, 1 yg./ml. oligomycin 
present and 30mM arsenate tipped at Arrow 3; 
Curve 4, 1 vg./ml. oligomycin present and 30 mM 
arsenate +10mM phosphate added at Arrow 4. 
Curves 3 and 4 are practically identical. Before 


the tip, all four curves were practically identical. 


From the experiments described to date 
it is clear that oligomycin inhibits that frac- 
tion of the respiration which is coupled with 


* Estabrook (34) has very recently reported 
similar results obtained with the use of the oxygen 
electrode. 
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phosphorylation, but the non-coupled respira- 
tion is not inhibited. This is the case whether 
uncoupling is brought about by addition of 
dinitrophenol or by fragmentation of the 
mitochondria (eg. the Keilin and Hartree 
heart-muscle preparation). The non-coupled 
respiration of mitochondrial preparations is 
probably due to partially fragmented mito- 
chondria which they contain. Uncoupling by 
the addition of arsenate, however, does not 
relieve the inhibition by oligomycin. 

Effect of Oligomycin on the ATPase of Mito- 
chondrial Preparations—Freshly prepared rat- 
liver mitochondria have no_ appreciable 
ATPase activity at pH 7.0 but do show some 
activity at higher pH’s with a pH optimum 
at 9.4 (Myers and Slater (Q)). In agree- 
ment with Lardy ef al. (7) it was found 
that oligomycin, unlike dinitrophenol, did not 
induce any ATPase activity at pH 7.0. 
Further, it was found that the activity at 
pH 9.0 was completely inhibited by 0.75 pg./ 
ml. oligomycin. 

Also in agreement with Lardy ¢é¢ al. (7) 
the dinitrophenol-induced ATPase activity of 


TABLE VI 


Effect of Oligomycin on Dinitrophenol-induced ATPase 
Activity of Rat-liver Mitochondria 


0.05 M Tris-HCl buffer, 0.075 4 KCI, 2mM ATP, 
0.5mM EDTA, 2.7% ethanol (from the oligomycin 
solution), 0.2 mM 2,4-dinitrophenol at pH 7.0, 2.0 mM 
at pH 9.0; 3.5mg. mitochondrial protein. Reaction 


vol., 1.5ml.; reaction time, 15 min. 


Oligomycin | 
P/h./mg. protein) at 
(vg./ml.) (umoles/g. _—— = Bs 


protein) | pH 7.0 pH 9.0 
0 0 | 8.7 12.0 
0.25 0.32 | 8.5 10.5 
0.50 0:64 .. | 6.0 | 8.3 
0.75 0.96 | 6.4 7.8 
1.00 1200. | 5.3 | 6.7 
1.50 1.93 | 3.5 5.7 


2.00 2.57 | 1.4 4.3 


rat-liver mitochondria was inhibited by oli- 
gomycin but rather higher concentrations 
were necessary than in the absence of dini- 
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Tasie VII 
Effect of Oligomycin on Mg?*-stimulated ATPase Activity 
of Keilin and Hartree Heart-muscle Preparation 


2mM ATP, 50mM Tris-HCl buffer, 75mM KCl, 
0.5mM EDTA, 70 mM sucrose, 1.6mM MgCl,, 0.6 mg. 
protein. 


ATPase activity (ymoles 


Oligomycin 


P/h./mg. protein) at 
(ug./ml.) (vmoles/g. Sa ae 
protein) pH 7.0 pH 9.0 
0 0 | 11.5 | 16.6 
0.33 29) Be | Sal 
0.66 5.0 | 123 | 1.9 
1.00 7-5 1.9 | 0.6 
1.30 9.7 | 0) | 0.6 
2.00 15 0 | = 
Taste VIII 


Effect of Oligomycin on ATP= ADP Exchange Reaction 
Catalysed by Rat-liver Mitochondria 


5mM ATP (Sigma), 1mM 8-C!4-ADP, 75mM 
KCl, 0.5mM EDTA, 1.5mM MgCl, 37.5mM_ Tris- 
HCl buffer (pH 7.0) in a final volume of 0.5 ml. 
The reaction was begun by adding 0.5mg. mito- 
chondrial protein. After 20-25 min. at room tem- 
perature, 0.1 ml. 20% HClO, was added. ADP and 
ATP were separated in the neutralized supernatant 
by paper electrophoresis, and counted as described 


under METHODS. 


(oP EE CaD Sse. pain It ATP x 100 
| ADP |¢-P-™: in(ADP+ATP) 


Expt. 1 | 


Zero-time control 25 304 8 


20-min. reaction | 
without oligo- | 
mycin i) 264755568 79 
| | | 

20-min. reaction | 


with 0.66 yg./ml.. 
oligomycin 


Expt. 2 


25-min. reaction | 
without oligo- 
mycin 


319 69 82 


25-min. reaction | 
with 0.66 Alas 


oligomycin 312 64 83 


trophenol (see Table VI). The effect of 
oligomycin was approximately the same at 
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both pH’s. (It should be noted that the con- 
centrations of dinitrophenol chosen were those 
giving optimal ATPase activities at the two 
pH’s, wz. 0.2mM at pH 7.0 and 2mM at pH 
9.0 (Hemker and Hiilsmann (24))). 

The Mg’+-stimulated ATPase of the 
Keilin and Hartree heart-muscle preparation 
was completely inhibited, both at pH 7 and 
9, by low concentrations of oligomycin (Table 
VID. 

Effect of Oligomycin on ATP—ADP Exchange 
Reaction—In agreement with Lardy (35; and 
personal communication) it was found that 
oligomycin had no effect on the ADP-ATP 
exchange reaction (Table VIII). 


DISCUSSION 


It is interesting to compare the actions of 
antimycin, oligomycin and dinitrophenol on 
mitochondrial respiration. 

Antimycin inhibits the respiration. of 
mitochondrial fragments such as the Keilin 
and Hartree heart-muscle preparation virtu- 
ally completely and that of phosphorylating 
mitochondria almost completely. Its effect 
is localized between cytochromes 6 and gq in 
the respiratory chain (4, 25). It has no effect 
on the oxidative phosphorylation associated 
with that portion of the chain which it does 
not inhibit e.g. between cytochrome ¢ and 
oxygen (26, 27, 18). The inhibition is not 
relieved by dinitrophenol. Antimycin can be 
considered simply as a respiratory inhibitor, 
which blocks the main respiratory chain. 
Inhibition by antimycin can be bye-passed 
by a slow route in mitochondrial prepara- 
tions, so that inhibition is never complete 
(28). 

Dinitrophenol does not inhibit the respira- 
tion of isolated mitochondria, except under 
certain circumstances leading to oxaloacetate 
accumulation (29), or when much _ higher 
concentrations (of the order of 1mM at pH 
7.0) are used than are necessary to uncouple 
oxidative phosphorylation. It uncouples all 
three phosphorylation steps of the respiratory 
chain and thereby stimulates the respiration 
of ADP- or phosphate-deficient systems. Its 
action is correctly described as an “uncou- 
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pler” of oxidative phosphorylation. 

Oligomycin inhibits respiration like anti- 
mycin and blocks phosphorylation like dinitro- 
phenol. However, unlike antimycin it has 
no effect on non-phosphorylating or uncoupled 
respiration. Thus, inhibition of respiration 
by oligomycin can be completely released by 
low concentrations of the uncoupling agent 
dinitrophenol (but not by arsenate). It is 
clear that oligomycin is primarily an inhibi- 
tor of oxidative phosphorylation and _ that 
inhibition of respiration is secondary to 
inhibition of phosphorylation. 

In essence the formulation of the mecha- 
nism of oxidative phosphorylation favoured 
in this laboratory (30) states that the opera- 
tion of the respiratory chain leads to the 
formation of a high-energy compound, which 
either directly or after transfer of the energy 
to other compounds, reacts with phosphate 
to from a ~P compound which reacts with 
ADP to form ATP. It is this last reaction 
which is responsible for the ADP==ATP 
exchange reaction. Dinitrophenol reacts with 
a high-energy compound before the interven- 
tion of inorganic phosphate (23) and there 
is good reason to believe that the Mg?*-stimu- 
lated ATPase involves an intermediate fur- 
ther removed from the respiratory chain than 
that involved in the action of dinitrophenol 
(31). This is supported by Chefurka’s (32) 
finding that reduction of the respiratory 
chain inhibits the  dinitrophenol-induced 
ATPase without having any effect on the 
Mge’*-stimulated. The fact that oligomycin 
inhibits both ATPases without affecting the 
ADP==ATP exchange reaction shows that 
the Mg’*-stimulated ATPase cannot involve 
the terminal ~P compound, as previously sup- 
posed (3/), but must:involve an intermediate 
between this compound and the dinitro- 
phenol-sensitive intermediate. Thus, there 
must be a minimum of three intermediates, 
which we shall write ~,;, ~: and ~P, respec- 
tively. 

- oligomycin., 
respiration ——> ~ ;——= a —~P==ATP 


(dinitro- | | (Mg?tor 
pheno}) | | H,AsO,~) 
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Arsenate presumably reacts instead of phos- 
phate with the compound indicated here as 
~>, which cannot be a ~P compound. The 
fact that oligomycin inhibits both arsenate- 
induced respiration and the Mg?*-stimulated 
ATPase can be explained on this basis only 
by assuming either (i) that it binds the ~, 
compound or (ii) that it inhibits the formation 
of ~, from both the ~, compound and the 
~P compound. For example, if we write the 
dinitrophenol-sensitive compound as X ~I and 
the ~; compound by I~Z, we could have 
the reactions 

X~1I4+Z—I~Z+X 

1~Z+ Pix 1SP4Z 

I~P+ADP——>I+ATP 
If Z (which might be an enzyme) were in- 
hibited by oligomycin the formation of I~Z 
from both directions would be inhibited. To 
explain the inhibition of all phosphorylating 
steps in the respiratory chain, Z must be the 
same or similar for all three phosphorylating 
Steps. 

According to this explanation, non-phos- 
phorylating preparations respire because the~ 
compound (or compound earlier in the se- 
quence) can react with water. Thus, the effect 
of oligomycin is bye-passed in the same way 
as by addition of dinitrophenol. The fact 
that addition of oligomycin to rat-liver mito- 
chondria has exactly the same effect as 
omission of phosphate or ADP is good support 
for this view. Indeed, the degree of inhibi- 
tion by oligomycin is related to the respira- 
tory-control index by the equation. 

% inhibition=100 (r-1)/r 
where r, the respiratory-control index, equals 
[rate in presence of ADP (or phosphate)]/ 
[rate in absence of ADP (or phosphate)]. It 
is the general experience that this index de- 
creases in the order of the substrates gluta- 
mate, succinate and ascorbate. So also do 
the measured P:O ratios in comparison 
with the expected values of 3, 2 and 1, res- 
pectively. It seems likely that mitochondrial 
preparations contain fragments which are 
particularly effective in oxidizing ascorbate 
by a non-phosphorylating pathway, less effec- 
tive in oxidizing succinate and least effective 


with glutamate. 

Oligomycin is a very useful inhibitor. 
In addition to distinguishing between 
non-phosphorylating and phosphorylating 
pathways, it can distinguish between ATPases 
of mitochondrial and those of non-mitochond- 
rial origin. For example, we have never been 
certain whether the ATPase, with pH opti- 
mum at 9.4, which is measured in rat-liver 
mitochondria in the absence of dinitrophenol 
was due to a mitochondrial system or to 
microsomal contamination. The fact that it 
is completely inhibited by oligomycin whereas 
microsomal (and myofibrillar) ATPases are 
not inhibited (Van Groningen, personal 
communication) shows that it is not of micro- 
somal origin. Similarly, the active Mg’*- 
stimulated ATPase of the Keilin and Hartree 
heart-muscle preparation appears to be of 
mitochondrial origin. 

We have also found oligomycin useful in 
determining whether the response of a system 
to added phosphate is specifically related to 
oxidative phosphorylation or to a non-specific 
effect probably concerned with the physical 
properties of the mitochondria. 

Finally, oligomycin should be a_ useful 
reagent to test whether the high-energy inter- 
mediates of oxidative phosphorylation can be 
directly utilized for energy-requiring reactions 
in the mitochondria, without having first to 
be converted to ATP (cf. Slater (33)). . 


SUMMARY 


1. The findings of Lardy on the effects 
of oligomycin on oxidative phosphorylation 
and related reactions catalysed by rat-liver 
mitochondria were confirmed. 

2. In addition, it was found that the 
fraction of the oxidation of succinate or 
glutamate which proceeded in the absence of 
ADP or inorganic phosphate was insensitive 
to oligomycin. 

3. Phosphorylation associated with the 
oxidation of ascorbate by rat-heart sarcosomes 
was completely inhibited by oligomycin while 
the O, uptake was not affected. 

4, In contrast to dinitrophenol, arsenate 
did not relieve the inhibition by oligomycin. 


The Use of Oligomycin as an Inhibitor 


9. Oligomycin inhibits the ATPase of 
liver mitochondria measured at high pH’s in ) 
the absence of dinitrophenol, as well as se 
the dinitrophenol-stimulated ATPase under 
neutral and alkaline conditions. The Mg?+- 
stimulated ATPase of non-phosphorylating 
mitochondrial fragments was also inhibited by 
oligomycin. (12) 

6. In contrast to antimycin, which is a (3) 
respiratory inhibitor, and dinitrophenol, which 
is an “uncoupler” of oxidative phosphoryla- (4) 
tion, oligomycin is a true inhibitor of oxidative 


phosphorylation. ie 


(70) 


(12) 


7. It is suggested that oligomycin com- 
bines with or prevents the formation of an 
energy-rich compound which lies between the 
dinitrophenol-sensitive energy-rich compound (78) 
and the terminal phosphate compound in the 
sequence of reactions between the respiratory (19) 
chain and ATP. 

8. Oligomycin is a very useful reagent (22) 
for distinguishing between non-phosphoryla- 
ting and phosphorylating pathways, and be- 
tween ATPases of mitochondrial and non- (27) 
mitochondrial origin. It should also prove 
useful to test whether the high-energy inter- (22) 
mediates of oxidative phosphorylation can be (29) 
directly utilized for energy-requiring reactions 
in the mitochondria, without having first to 
be converted to ATP. 


(77) 


(2#) 


(25) 
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The ascites hepatoma of the present study 
is prepared by conversion of the amino-azo- 
dye-induced hepatoma of the rat into the 
ascitic form by Yoshida and his col- 
laborators (J, 2) and has been studied ex- 
tensively in the past decade (3). Until the 
begining of 1960, some twenty eight different 
strains of ascites hepatoma were isolated and 
found many strain-specific features. 

Among many characteristic differences 
found within individual strains, the authors 
are interested in the facts that different re- 
sponses were to nitrogen mustard 
derivatives by various strains of ascites 
hepatoma (3): A strain called AH 130 is 
usually preferred for the screening work for 
cancer chemotherapy because of its high 
trans-plantability as well as the benefit of 
ample free cells, beside generally small 
islands. Nitrogen mustard-N-oxide presented 
about 80 per cent complete cures in cases of 
animals bearing four-day-old tumors of AH 
130. It was found in further experiments. 
however, that tumor animals of another 
ascites hepatoma, AH 7974, were surprisingly 
resistant to the same compound. 


shown 


Besides, nitrogen mustard-N-oxide, other 
nitrogen mustard derivatives were tested on 
both ascites hepatomas, AH 130 and AH 7974, 
in order to find out the eventual differences 
in the response of both tumors to these com- 
pounds (3). In AH 130, all the compounds 
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could bring about a complete cure in almost 
90 per cent of the animals tested as well as 
a prolongation of life of the remaining ones, 
while, in AH 7974, all the animals remained 
completely indifferent to all the compounds 
so far tested. It has thus been demonstrated 
that strain 7974 is completely refractory to 
all these alkylating agents that had significant 
inhibitory effects on the ascites hepatoma, 
AH 130. ; 

Thus the comparative metabolic studies 
with strains AH 130 and AH 7974 should 
provide information on not only the refractory 
mechanism but also on the strain-specific 
metabolism of tumors. 

In the present study, we have investigated 
the normal rate of aerobic and anaerobic 
glycolysis in both strains as well as the in- 
hibitory action of alkylating agents, some 
synthetic seven-carbon-ring compounds* and 
other two antibiotics on this process. 


MATERIALS AND METHODS 

Animals—Albino rats weighing approximately 100 
g. were used. Tumors of strains AH 130 or AH 7974 
were transplanted intraperitoneally or subcutaneously 
in the case of solid tumor and the animals were 
sacrified after 10 days of inoculation. Regenerating 
liver was obtained after 48 hours from rats which 
had been partially hepatectomized by the method of 
Higgins and Anderson (4). The livers and solid 
cancers were homogenized with 4 parts of a solution 
of 0.25M sucrose. In the experiments to study the 


* We are greatly indebted to Prof. Tetsuo 
Nozoe, the Department of Chemistry, Tohoku 
University for his generous supply of these compounds. 
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whole 
ascites cells were used without homogenation, because 
of the accuracy of lactic acid determination whenever 
the low yield of the acid is obtained in the presence 
of inhibitors. 

Isolation of Cell Nuclei—The isolation of the 
nuclei was carried out according to Hogeboom’s 
method (5). To avoid contamination of the nuclei 
by erythrocytes, the blood cell layer in a centrifuge 
tube was mechanically removed by a small spatula. 

Very few erythrocytes were observed by micro- 
scopic examination of the nuclear fraction and the 
contaminatron of mitochondria could not be demon- 
strated by the trichlortetrazolium chloride test. 
to the incubation, the nuclear fraction was washed 
with a solution of 0.25M sucrose (without CaCl,), 
separated by centrifugation at 550xg for 5 minutes, 
and then diluted with 10 parts of a solution of 0.25 
M sucrose. 


inhibitory action of anti-cancer agents, the 


Prior 


The volume of the nuclei was noted. 

Composition of Incubation Media—The following 
compositions of the incubation media were used for 
aerobic and anaerobic glycolysis. 


For aerobic For anaerobic 


Compounds glycolysis glycolysis 
Final Conc. Final Conc. 
M M 
Fructose diphosphate 0.01 0.01 
Adenosine triphosphate 0.001 0.001 
Diphosphopyridine nucleotide 0.00022 0.00022 
Nicotinamide 0.04 0.04 
Cytochrome c 0.00002 — 
MgCl, 0.0033 0.0033 
Potassium phosphates (pH 7.4) 0.0033 — 
Potassium fluoride — 0.01 
Potassium bicarbonate — 0.02 
Dibasic ammonium phosphate — 0.02 


The total volume of both incubation media, was 
5ml. In the case of aerobic glycolysis, the incuba- 
tion was carried out by shaking the cells under oxygen 
gas for 2 hours at 38°C in Erlenmeyer flasks. In the 
case of anaerobic glycolysis, the incubation was per- 
formed at 38°C for 2 hours in Thunberg tubes under 
vacuum. In the experiments concerning anti-cancer 
agents, the incubation time was limited .within 30 
minutes. 

The determination of lactic acid—0.2-0.3 ml. 
aliquots were taken before incubation and at intervals 
of time, 0.5, 1.5 and 2 hours after the beginning of 
the incubation. The amount of lactic acid were de- 
termined by the method of Barker and Summerson 
(6). To simplify the condition, the effect of inhibitors 
were measured only after 30 minutes of incubation. 
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All inhibitors so far tested dissolved well in the in- 
cubation medium and thus all agents were introduced 


to the system from the very beginning of the reaction. 


RESULTS 


The amount of lactic’ acid produced 
during anaerobic glycolysis is shown in Fig. 
1 and 2. In the homogenates of normal or 
regenerating livers, the amount of lactic acid 
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REGENERATING LIVER 
AH 7374 

AH 130 
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Fic. 1. The amount of lactic acid yielded 
by the homogenates under anaerobic condition. 
Other conditions are described in the text. 
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Fic. 2. The amount of lactic acid yielded 
by the cell-nuclei under anaerobic conditions. 
Other conditions are described in the text. 


found in the incubation media did not in- 
crease appreciably during 2 hours period. 
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However in the homogenates of ascites 
hepatoma (AH 130 as well as AH 7974), 
lactic acid production increased with time, 
As shown in Fig. 2, the nucleic of AH 130 
produced about 4 times more lactic acid than 
those of AH 7974. The nuclei of normal and 
regenerating liver produce much more lactic 
acid than the other parts of cells in terms of 
the wet-weight of tissue. The glycolytic 
potency of normal cell nuclei was, however, 
apparently lower than that of AH 130 nuclei 
but higher than that of AH 7974 nuclei. The 
similiar tendency was observed in the case 
of aerobic glycolysis (Fig. 3 and 4). The sole 
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Fic. 3. The amount of lactic acid yielded 


by the homogenates under aerobic conditions. 
Other conditions are described in the text. 
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Fic. 4. 

by the cell-nuclei under aerobic conditions. 
conditions are described in the text. 


The amount of lactic acid yielded 
Other 


difference in aerobic condition was the lower 
production of lactic acid in normal and re- 
generating liver nuclei. 

The inhibitory effects of some anticancer 
agents on glycolysis of normal liver homo- 
genate and AH 130 cells are shown in Table 
I. It is, of course, difficult to compare the 
results of experiments with homogenates with 
those from free cancer cells because it should 
be account into the permeability factors of 
certain anticancer agents. However free liver 
cells obtained by the method of Kalten- 
bach (7) were not similar to free ascites 
cells from a metabolic point of view such as, 
for example, free liver cells showed, in fact, 
a good deal of oxygen consumption during 
an hour but it did not accompany the in- 
corporation of P® into nucleic acids. Further- 
more, the homogenization of cancer tissues 
did not yield metabolically identical speci- 
mens in every instance. Thus, we prefer to 
use normal liver homogenates and free cancer 
cells as the materials for the studies of the 
effects of anticancer agents. Under anaerobic 
conditions, the lactic acid produced in normal 
liver homogenates or cancer cells was not so 
constant from experiment to experiment. For 
this reason, we have decided to express the 
values of lactic acid produced in the presence 
of anti-cancer agents as a per cent of that 
found in the uninhibited controls. In this 
way, the data could be reproducible whenever 
the absolute amount of lactic acid was dif- 
ferent. In normal tissue, alkylating agents 
were equally inhibitory for both aerobic and 
anaerobic glycolysis, whereas, in cancer cells, 
the anaerobic glycolysis was usually more 
sensitive than the aerobic glycolysis to the 
action of alkylating agents at least when 
present at the concentration of 10°44. Since 
the respiratory mechanism was also not 
sensitive to alkylating agents at a concentra- 
tion of 10°°A4, we were able to perform 
aerobically so-called “incorporation experi- 
ments.” 

The two antibiotics, Carzinophilin (8) 
and Mytomycin c (9) have been shown rather 
stimulatory effect on the aerobic glycolysis 
when present at a relatively low concentra- 
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TABLE I 
The Effects of Anticancer Agents on the Glycolysis of Normal Liver 
Homogenates and Ascites Hepatoma Cells 
Glycolysis 
| (Unihibited Control= 100%) 
Anticancer agents Conc. Anaerobic Aerobic 
Normal liver AH 130 Normal liver AH 130 
homogenate cells homogenate cells 
none 100% 100 100 100 
Nitrogen mustard 10-> 63 : "5° Ba 108 
10-3 M 49 61 45 28 
Nitrogen mustard N-oxide | pet oe B fe a 
Thio-TEPA (Triethylenimino 10-5>M 100 69 90 100 
thiopkosphoramide) | 10-3 M 94 39 89 42 
-  20u./ml. 81 126 116 103 
Carzinophilin | 50u./ml. 45 79 60 118 
| 500u./ml. 54 BD 57 38 
| 5 wg. /ml. 98 114 101 113 
: : 10 vg. /ml. 101 99 92 
Mitomycin c | 500 yg. /ml. ws ua 109 iS 
| 1000 pg. /ml. 86 4] 145 = 
| 
eee | ae he ze 
|; 10-7m | 90 82 94 113 
1-Thia-3-azazulan-2-one os 
| 10-°>M i 90 ps Ie 78 58 
Lt 10-7M | «100 114 | 94 93 
2-Mercapto-1,3-diazazulene 10-> M 94 125 92 71 
6-Amino-1 ,2,3-triazazulene | ie +e i ne ee ne 
2-Amino-l-azazulene | eee a si eh ie 
| 10-7M 101 82 89 71 
Triazolo tropone | 10-5 M 90 39 82 60 
10-7M 63 90 110 100 
1-Azazulan-2-one {02:44 A4 70 97 67 
tion. The latter antibiotic had relatively respiration, ribonucleic acid synthesis and 


little effect on the glycolysis of normal tissue 
as compared to Carzinophylin. In contrast 
to the effect of these recognized anti-cancer 
agents, certain seven-carbon-ring compounds 
have not been tested yet for the chemotherapy 
of experimental cancer, showed slight but 
aerobic and anaerobic glycolysis even at such 
low concentration as 10-7 molar. Among 
these compounds, 1|-thia-3-azazulan-2-one was 
particularly interesting because of its strong 
inhibition not only of glycolysis but also of 


protein synthesis. The results of these experi- 
ments will be described in the successive 


reports. 


DISCUSSION 


Since the experiments of O. Warburg 
(10) in the late 1920’s, it has been generally 
accepted that cancer cells show rather 
depressed respiration although aerobic as well 
as anaerobic glycolysis are enhanced in the 
energy yielding system of tumors. There are, 
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however, many cases which are exceptions 
to this theory that the glycolytic rate is high 
and the respiratory activity is low in normal 
tissue, and vice versa, in cancer cells (JZ). 

Burk (12) using the Warburg mano- 
metric technique had already noted that 
cancer tissue demonstrated more potent 
glycolytic activity both under aerobic and 
anaerobic conditions than did normal tissue. 
In addition to these classic facts, we have 
demonstrated that cell nuclei in term of wet 
weight, showed more glycolytic activity than 
did the whole cells. This fact was more 
prominent in anaerobic glycolysis than in 
aerobic glycolysis. Although approximately 
equal amounts of lactic acid were produced 
in a given time with homogenates of both 
strains of ascites hepatoma, the glycolytic 
rates of cell nuclei varied according to the 
strain: ¢g. high in AH 130 nuclei and low 
in AH 7974 nuclei. 

LePage and Schneider (13) com- 
pared the glycolytic rate of rabbit liver 
nuclei with Flexner-Jobling carcinoma nuclei 
and demonstrated that cancer cell nuclei 
yielded about two times more lactic acid than 
did the normal liver nuclei. This result is 
not comparable to our experiments in which 
both the nuclei of normal liver and AH 7974 
produced about same amount of lactic acid. 
Thus, it can not be stated as a general rule 
that the nuclei of cancer cells show higher 
glycolytic rate than those of normal liver. 

The strain-specific metabolic activities of 
cancer cell nuclei were also observed in the 
case of alkaline phosphatase (/4): The enzy- 
matic activity of AH 130 nuclei was higher 
than that of AH 7974 nuclei. Other metabolic 
differences among different strains of ascites 
hepatoma will be shown in the succeeding 
reports. 


The inhibitory actions of alkylating agents 
on glycolysis of cancer cells could not be the 
primary anti-cancer effect since the minimum 
growth-inhibiting effects of those agents were 
observed with much lower concentrations. 

According to the report of the Research 
Institute of Kyowa Fermentation & Co. (19), 
the glycolysis of Ehrlich carcinoma cells was 
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very sensitive to Carzinophilin even with a 
dose of 200 units/ml. The aerobic glycolysis 
of Ehrlich carcinoma was also suppressed by 
the addition of 500yvg./ml. of Mytomycin c. 
However Carzinophilin did not inhibit suc- 
cinic dehydrogenase at a level of 5000 units/ 
ml. 

These reports are in good accord with 
our results. However, since the minimum 
effective doses of those anticancer agents for 
experimental cancer are about one tenth of 
the concentrations which were used in glyco- 
lytic inhibition, the inhibition of glycolysis 
by the two antibiotics might not be their 
main points of anti-cancerous effect. 


SUMMARY 

1. In the homogenate, ascites hepatoma 
produced more lactic acid than did normal 
liver under both aerobic and anaerobic con- 


ditions. There was, however, practically no 
differences between two strains of ascites 
hepatoma. 


9. In the nucleal fraction, AH 130 
showed a higher glycolytic rate than did AH 
7974 and the rates of glycolysis in normal 
and regenerating liver nuclei were between 
the values found for AH 130 and AH 7974. 

3. At the concentration of 10-° M, alky- 
lating agents did not inhibit the aerobic 
glycolysis of the cancer cells. However the 
anaerobic glycolysis in cancer cells was more 
sensitive to the alkylating agents. 

4. Two anti-cancer antibiotics did not 
inhibit the glycolysis ém vitro at their minimum 
effective doses in vivo. 

5. Among the azulenoide compounds, 
|-thia-3-azazulan-2-one showed an inhibitory 
action for the glycolysis even at a concentra- 
tion of 10-7 M. 


The work has been supported by grants from the 
Ministry of Education to Cancer Chemotherapy Rese- 
arch Group. We wish to thank the staff of the 
Sasaki Institute for their kind supply of AH strains- 
hepatoma. 
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The synthesis of high energy phosphate 
bonds as adenosine-triphosphate (ATP) is 
generally regarded as the probable mecha- 
nism mediating the energy necessary for 
normal cells as well as tumor cells. Although 
there is direct evidence that oxidative phos- 
phorylations do occur in tumor (/—3), there 
are some difficulties in studying the coupled- 
phosphorylations in tumor homogenates. The 
principal trouble is the presence of large 
dephosphorylating activities which quickly 
destroy the ATP added or formed (4). This 
report presents results of a comparative study 
of oxidative phosphorylation by homogenates 
and mitochondria of tumor cells with those 
of normal as well as regenerating livers. ‘The 
effect of various anticancer agents to the O, 
consumption as well as to the ratio of phos- 
phorylation to oxygen consumption (7.¢. P:O 
ratio) of normal mitochondria and tumor 
cells were also tested. It was found that 
some of these agents decreased specifically 
the P:O ratio of cancer cells. 


MATERIALS AND METHODS 


1. Determination of readily hydrolyzed phos- 
phate esters formed by homogenates. 

Homogenates were prepared with glass homo- 
genizers by treating one part of tissue with four 
0.2 ml. 
genates of normal tissue or 1.0 ml. of homogenates of 


parts of 0.25M sucrose solution. of homo- 


tumor tissue was added to the following incubation 
medium. 


* Present address: The Department of Physiolo- 
gical Chemistry, School of Medicine, Chiba University, 
Chiba. 


0.2 M@ Tris buffer (pH 7.4) 


in isotonic KCl 0.5 ml. 
0.1M MgCl, 0.1 ml. 
0.2 M a-Ketoglutarate 0.1 ml. 
0.00025 M@ Cytochrome c 0.1 ml. 
0.04 M@ Adenosine-5’-phosphate 0.4 ml. 
0.1 M KH.,PO, 0.2 ml. 
0.25 M Sucrose 0.4 ml. 
0.01 M@ KF (may be omited 

in some cases) 0.1 ml. 


The incubation was carried out at 37°C for 20 
minutes. A7P (inorganic phosphate released after 7 
minutes boiling in 1 HCl) was determined before and 
after incubation by means of Fiske-Subbarow’s method. 

2eeeline 


chondria. 


oxidative phosphorylation of mito- 
Mitochondria were isolated from isotonic 
sucrose homogenates by the method described by 
Schneider (5). For the washing of mitochondria 
after the centrifugation at 8,500xg, 0.44 M sucrose 
adjusted pH at 6 by addition of citrate buffer was 
used, instead of ordinary 0.25M sucrose (6). The 
following incubation medium was adopted for the 
oxidative phosphorylation. 

In a total volume 3ml., it contains 0.05 M4 
Histidine, 0.04 KCl, 0.005M MegCl,, 0.01M a- 
Ketoglutarate (or 0.02 M Succinate), 1.5x 10-5 M Cyto- 
chrome c, 0.02M phosphate buffer (pH 7.4), 0.008 M 
AMP, 0.025M Glucose, 0.00144 DPN and 450 u. 
Hexokinase (Schwarz). 

O, uptake was determined by the usual Warburg 
manometric method. After equilibration of 5 minutes, 
the incubation was carried out for 20 minutes at 30°C 
under air. The inorganic phosphate was determined 
by the method of Fiske-Subbarow before the incuba- 
tion, after equilibration and after 20 minutes of incuba- 
The P:O ratio was calculated from the O, 
consumption and the amount of inorganic phosphate 


tion. 


disappearance from the incubation medium. 
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RESULTS AND DISCUSSION 


1. A7P formed in homogenates. 

Fig. 1 shows the amount of A7P formed 
in homogenates during 20 minutes of incuba- 
tion. The amount of energy rich phosphate 
compound yielded in the homogenates of 
normal livers was approximately ten times 
greater than when the incubation was carried 
out with tumor tissue. Under the conditions 
of these experiments, the addition of KF (7) 
did not change the amount of A7P in tumor 
homogenates. 


A7P ( Pumole/100 dry wt. mg. ) 


e 
° 
e 
3 
$ 
e 
& 
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NORMAL LIVER 
AH 7974 


YOSHIDA 
SARCOMA 
AH 130 


Fic. 1, 
homogenates of normal liver and tumors. 
conditions are described in the text. 


The amount of A7P yielded in the 
Other 


2. P:O ratios obtained in the oxidation 
of succinate and a-ketoglutarate by normal 
and neoplastic tissue in the Kielley’s incuba- 
tion medium. 

The data on oxygen uptake of various 
mitochondria are given in Fig. 2. In general, 
the O, uptake of succinate oxidation was 
greater than that of a-ketoglutarate oxidation. 
This was especially evident in the case of 
normal and regenerating liver. The specific 
activities of a-ketoglutaric oxidase and suc- 
cinoxidase in tumor and liver mitochondria 
were given in the data of R. K. Kielley 
(3). Expressed as ymole per hour per mil- 
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ligram of nitrogen, the activities for liver 
mitochondria are as follows: a-Ketoglutaric 
oxidase, 19; succinoxidase, 58; for tumor 
mitochondria, these values are 18 and 38, 
respectively. The specific activities of a-keto- 
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GLUTARATE 
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Fic. 2. Oxygen consumption of various 
mitochondria. 


glutaric oxidase in liver and tumor mito- 
chondria were nearly the same, whereas the 
specific activity of succinoxidase of tumor 
mitochondria was only 65 per cent that of 
the normal livel mitochondria. 

However, in the present experiment the 
differences between the O, uptake resulting 


Taste I 


Weight of Mitochondrial Fraction and 
Nitrogen Content 


chondrial frac] Total N (Ha) 
aoe, pt ae mitochondria 
Normal liver (8 cases) 149 mg. 23 pg. 
Regenerating liver 
(6 cases) 153 16 
Yoshida sarcoma 
(4 cases) 99 7 
AH 130 (3 cases) 95 
AH 1974 (6 cases) 87 11 


from the oxidation of succinate with normal 
mitochondria and tumor mitochondria were 
not so great. It may be possible to say that 
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the O, uptake of normal and _ neoplastic 
mitochondria are nearly the same in terms 
of mitochondrial nitrogen. But as shown in 
Table I, the nitrogen content of mitochondria 
as well as weight of mitochondrial fraction 
in a tumor cells are far less than in the normal 
and therefore the O, uptakes of tumor mito- 
chondria in terms of an equivalent weight of 
tissue would be significantly lower than those 
of normal mitochondria. The uptakes of 
inorganic phosphate by normal and neoplastic 
mitochondria are shown in Fig. 3. The 
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Fic. 3. Phosphate uptake of [various mito- 
chondria. 


disappearance of inorganic phosphate from 
the medium was the greatest in the case of 
normal liver mitochondria while the lower 
uptake of inorganic phosphate was observed 
in the case of tumor mitochondria. The 
phosphate uptakes of normal and _ regenerat- 
ing liver mitochondria resulting from the 
oxidation of succinate were approximately at 
the similar level. However, the uptake of 
inorganic phosphate in regenerating liver 
mitochondria resulting from the oxidation of 
a-ketoglutarate was far less than that in 
normal liver mitochondria. ‘There is a similar 
tendency in respect to the O, consumption. 
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Thus, as shown in Fig. 4, the P:O ratios_of 
regenerating liver mitochondria resulting from 
the oxidation of a-ketoglutarate were around 
1.0 while, P:O ratios between 1.0 and 2.0 
were obtained in the case of normal mito- 
chondria. 


8 SUCCINIC ACID 
O-KE 


~KETO- 
GLUTORATE 


x oO 

iS 

es = t 

5 ee IS 

zg wv RS 3 ie Far 
SS hy axe) IS ES 
Teron Om ee =z 
ro} we oat =x aa 
Sms | Oe TO 


Fic. 4. The P:O ratios obtained with the 
oxidation of succinate and a-ketoglutrate by 
various mitochondria. 


Negative values for phosphate uptakes 
were occasionally obtained with the mito- 
chondria isolated from Yoshida Sarcoma, 
AH 130 and human cancers but not from 
AH 7974. 

Weinhouse (@) found that the oxida- 
tion of many Krebs-cycle intermediates in 
tumor homogenates was favored by the addi- 
tion of DPN: 7 Kielley and?tikielley ©) 
also reported that the addition of DPN 
significantly increased the rate of phosphory- 
lation during the oxidation of a-ketoglutarate 
and glutamate. 

In our experiments, DPN was already 
added into the incubation medium. More- 
over the phosphate uptake of tumor mito- 
chondria by the oxidation of succinate in 
which DPN is not involved as the hydrogen 
transfer system, showed also some negative 
values. Thus the deficiency of DPN might 
not be the real cause of the insufficient phos- 
phorylation activity of tumor. 
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Taste II 


The Effects of Some Anticancer Agents on the O, Consumption and the P:O Ratios 
of Normal Liver Mitochondria and AH 130 Cells 


O, consumption Ba@ 

Anticancer agents Conc. Normal AH 130 Normal AH 130° 
mitochondria cells mitochondria cells 
Nitrogen mustard none 100% 100% ee 0.37 
10-5>M Oey 99 0.11 0.39 
10-3 M 100 111 0.0 0.17 
Nitrogen mustard none 100 100 ee 0.17 
: 10-5 117 95 0.32 0.16 
ooaie 10-3 M 143 85 0.40 0.23 
Thio-TEPA none 100 100 1.28 0.40 
10-5 4 96 93 0.68 0.35 
10-2 4 83 5S 0.70 0.38 
Carzinophilin none 100 100 1.14 0.19 
20 u/ml. 93 80 0.85 0.09 
50 u/ml. 96 97 0.80 0.08 
500 u/ml. 104 61 0.07 0.08 
1000 u/ml. 51 36 0.07 0.03 
Mitomycin c none 100 100 0.90 0.33 
5 pg. /ral. 94 103 0.21 0.41 
10 vg./ml. 96 82 — 0.38 
100 vg./ml. 94 79 0.20 0.26 
1000 vg. /ml. 89 33 0.13 0.32 
1-Thia-3-aza none 100 100 0.80 0.22 
dere oes 10-7 71 72 0.35 0.18 
10->M 64 75 0.23 0.16 
2-Mercapto-1, 3- none | 100 100 0.69 0.76 
1 eR po 10-7 M | 90 80 0.42 0.57 
. 10-5 M 87 95 | 0.05 0.80 
6-Amino-1, 2, 3- none | 100 100 1.04 0.63 
; 1 10-7M | 108 109 0.56 0.54 
De ee 10-5 M 85 91 0.29 0.35 
2-Amino-1, 3- none 100 100 0.85 0.52 
dj | 10-7 M 101 92 0.81 0.06 
rie asst 10-°M 98 89 0.21 0.06 
Triazolotropone none 100 100 0.69 0.35 
10-7 M 81 76 0.10 0.35 
10-54 74 69 0.06 0.38 
1-Azazulene-2-one | none 100 100 0.75 0.30 
10-7"M 73 62 0.59 0.47 
10-5 M 84 20 0.23 0.30 


In order to prevent the action of ATP- 
ase, after the isolation of mitochondria and 
before the incubation, we kept the pH at 6 
a condition which is not favorable for the 
action of ATP-ase. From our own experi- 
ments on the determination of A7P and from 
the experimental data of Kielley (3), it 


may be seen that the addition of fluoride is 
not always effective in the inhibition ATP- 
ase activities. Therefore we could not assume 
that the negative values of P:O ratios 
observed in the case of tumor mitochondria 
were due to the lack of KF in the incubation 
medium. Among the investigations in this 
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field, there exist conflicting results: Kielley 
(3) reported that the P:O ratios obtained 
during the oxidation of a-ketoglutarate with 
tumor mitochndria in mice were up to 2.2, 
and those obtained during the oxidation of 
succimaté., wp tom loc. Rosenberg > C0) 
reported values of up to 1.7 for the P:O 
ratios with mitochondria isolated from rat- 
ascites-hepatoma. In contrast with such 
higher ratios, Yagi and Khouvine (//) 
reported lower values, around 0.3, for the 
P:O ratios obtained by the oxidation of 
succinate with a typical rat-epithelioma. 

Yet, we believe that the lower P:O 
ratios obtained by tumor mitochondria were 
due to the phosphatase activity activated by 
the destruction of the cells since the P:O 
ratios of succinate oxidation with the mito- 
chondria isolated from AH 130 were signifi- 
cantly lower those obtained with the whole 
cells of AH 130. The former values were 
almost below zero whereas the latter, though 
still lower than those of normal mitochondria, 
showed no negative values in a dozen of 
trials (Fig. 5). 
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NORMAL LIVER AH 130 
MITOCHONDRIA ASCITES-HEPATOMA 
CELLS 
Fic. 5. Comparison of the P:O ratios of 


succinate oxidation obtained with normal liver 
mitochondria and AH 130 ascites-hepatoma cells. 


The effects of some anticancer agents 
like nitrogen-mustard, nitrogen-mustard-N- 
oxide, Thio-TEPA, Carzinophilin, Mitomycin 
c and azulenoide compounds on the O, 
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consumption as well as on the P:O ratios 
are given in Table II. At the minimum 
effective dose for a therapeutic effect in vivo, 
the addition of anticancer agents did not 
inhibit significantly the oxygen consumption 
of normal liver mitochondria or AH 130 cells. 
However, among the azulenoide compounds, 
the addition of 1-thia-3-azazulan-2-one at a 
concentration of 10-7 M inhibits oxygen con- 
sumption to the extent of 30 per cent. 

In comparison with the effects of anti- 
cancer agents on the O, consumption, the 
influence of those agents on the P:O ratios 
were significantly greater than we expected: 
The addition of alkylating agents and 
antibiotics to the normal mitochondria 
lowered the efficiency of the phosphorylation, 
whereas the addition of these agents to the 
neoplastic mitochondria did not show such 
significant decrease of the P:O ratio. This 
means that the originally low values of the 
P:O ratio in neoplastic tissue were not 
affected so much by the addition of anti- 
cancer agent. 


SUMMARY 


1. The amounts of A7P produced by the 
oxidation of a-ketoglutarate and succinate in 
the homogenates of normal liver and various 
tumors were determined. It was found that 
the production of A7P in normal homogenates 
was higher than in the tumor homogenates. 
The addition of KF did not increase the 
lower production of A7P in tumor homoge- 
nates. 

2. The oxygen consumption of the vari- 
ous mitochondria did not show any remar- 
kable differences between normal and_neo- 
plastic mitochondria, especially in the case 
of the oxidation of succinate. However, as 
the uptakes of inorganic phosphate were so 
weak in tumor mitochondria, the P:O ratios 
in tumor showed very low values compared 
to the normal tissue. 

3, “The: PsOoratios- of AH. 130 enaite= 
chondria were lower than those of AH 7974. 

4. The effects of some anticancer agents 
on the O, uptake and the P:O ratios of 
normal liver mitochondria and AH 130 cells 
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were tested. It was found that the addition 
of many anticancer agents apparently 
decreased the P:O ratios of normal mito- 
chondria even when present in relatively low 
concentration. 


The work has been supported by grants from the 
Ministry of Education 
Research Group. 
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The cytotoxic alkylating agents, such as 
nitrogen-mustard, nitrogen-mustard-N-oxide 
and Thio-TEPA (Triethylenimino thiophos- 
phoramide) are known to react 7m vitro under 
mild conditions with a wide variety of com- 
pounds, such as water, anions, bases, amino 
acids, protein and nucleic acids (/). Although 
the mode of action of these alkylating agents 
on the cell is not known, it has been suggested 
that the chemical sites of reaction may be 
ionizide acid groups, either carboxyl groups 
of amino acids and protein or phosphate 
groups of nucleic acids, especially deoxyribo- 
nucleic acids (2). 

A study of the effects of nitrogen-mustard 
on the 2m vitro incorporation of labelled amino 
acids into the protein of two strains of rat- 
ascites hepatoma, AH 130 (nitrogen-mustard 
sensitive strain) and AH 7974 (nitrogen-mustard 
resistant strain) has been carried out to ascer- 
tain whether the refractory character of AH 
7974 is due to the change of the biosynthetic 
process of protein. 

Nitrogen-mustards used in this study were 
kindly provided by Dr. Y. Sakurai of the 
Iatrochemical Research Institute. 


MATERIALS AND METHODS 


Universally labelled C!4-amino acids were obtained 
from the protein hydrolysates of algae and provided 
to us through the courtesy of Dr. B. Maruo of the 
Institute of Applied Microbiology. 

Cell Preparations—AH. strain of ascites-hepatoma 
cells were grown for 8-10 days in the abdominal 
cavity of rats. The animals were killed by decaptita- 
tion, and the ascitic fluid was collected by pipette. 


The cells were washed two times with either ice-cold, 
calcium-free Krebs-Ringer phosphate or 0.25 M sucrose. 

To remove blood elements, quick washing with 
ice-cold tap-water was occasionally applied. 

Incubation Methods—The composition of the medium 
for the incubation of the whole cells is given in 
pmoles: MgCl, 105, K,HPO, 50, KCl 1050, a-keto- 
glutarate 45, Cytochrome c 0.3, adenosine triphosphate 
(ATP) potassium salt 15, folic acid 2.5. The liquid 
volume is lml. To this synthetic medium, 4ml. of 
ascitic fluid with hepatoma cells (approximately 10 mg. 
dry weight cells per ml.) and lyc of radioactive 
amino acids were added and the pH was adjusted at 
7.4. Thus the total volume of the 5ml. incubation 
medium was kept at 37°C for one hour under oxygen 
gas. 

The incubation medium for experiments with the 
microsomal fraction of hepatoma is given in ymoles; 
potassium phosphate buffer (pH 7.6) 50, KCl 30, 
MgCl, 5, ATP 8, guanosine triphosphate (GTP) 0.5, 
creatine phosphate 14.3. The total volume is 1 ml. 
To this medium, 0.5 mg. of creatine kinase, approxi- 
mately 1.5mg. of microsomes 3mg. of pH 5-enzymes, 
and 1 pc of C'4-amino acids were dissolved and kept 
at 37°C for 30 minutes under air. 

The incubation medium for the combination of 
S-RNA and C!4-amino acids (3) is given in pmoles: 
potassium phosphate buffer (pH 7.8) 50, KCI 60, 
MgCl, 30 and ATP 200. In addition to these com- 
pounds, 2 yc of C'4-all-labelled amino acids and ap- 
proximately 1.3mg. of pH 5S-enzyme fraction of 
hepatoma cells were mixed in the total 2ml. of 
The incubation was carried out at 37°C 
for 10 minutes. 

Preparations of Subcellular Fractions—The microsome 
and pH 5-enzymes fractions were obtained from the 
hepatoma cells with method of Takanamii (4). 

Assay of Incorporated Radioactivity—After the incu- 
bation period and just before the reaction was stopped 


medium. 


Protein Synthesis of Hepatoma 


by adding an equal volume of 10% perchloric acid 
(PCA), a mixture of non-labelled amino acids was 
added as a carrier to remove non-incorporated radio- 
active amino acids. Since labelled amino acids in- 
corporate into the fraction of phosphatide-peptide 
which may be considered as the protein fraction of 
the ordinary Schneider’s fractionation method, all 
the experiments except that of the extraction of S- 
RNA-amino acids complex were carried out according 
to Huggins and Cohn ’s fractionation method (J). 
The extraction of the S-RNA-amino acids complex 
used the method described by Hoagland eft al. (3). 

The proteins were suspended in water, plated on 
aluminum discs and counted by gas flow counter. 
The radioactivity was corrected for selfabsorption and 
expressed by the specific activity (reference weight of 
10 mg. (6)). In the case of S-RNA-amino acids, the 
specific activity was expressed c.p.m. per microgramm 
of ribonucleic acid. In this case, the radioactivities 
were calculated for samples of infinite thinness. 


RESULTS 


Experiments with Whole Cells—The initial 
experiments with whole hepatoma cells were 
carried out to assess the influence of nitrogen- 
mustard on the incorporation of radioactivity 
from C'-amino acids. The concentration of 
nitrogen-mustard used in this experiments was 
2x10-* M, which did not inhibit the respira- 
tion of the cells in the previous experiments. 


U3) 


It was found, as may be seen in typical 
results given in Table I, that the inhibition 
of the incorporation of amino acids into 
protein by adding nitrogen-mustard was far 
greater in the sensitive strain (AH 130) than 
in the resistant strain (AH 7974). In the case 
of the AH 130 strain, the addition of 2x 10-5 
M of nitrogen-mustard resulted in a 46 per 
cent decrease in the amino acid incorporation 
in the protein fraction as compared to the 
control cells. Whereas, in the AH 7974 
strain, as high as 80 per cent incorporation 
was observed with the addition of the same 
concentration of nitrogen-mustard. 

The removal of folic acid or ATP showed 
slightly increased effects of nitrogen-mustard 
in the case of AH 130 but not in the case of 
AH 7974. 

A correlation between the incorporation 
rate of amino acids into protein and that 
into lipid fraction was observed both with 
AH 130 and with AH 7974. The weight of 
phosphatidopeptide was usually too small for 
accurate calculation of the specific activities 
of this fraction. 

Experiments with Subcellular Fractions— 
Table II shows the results of three typical 
experiments with microsomal proteins. 


Tasie I 


The Effect of Nitrogen-mustard on the Inccrporation of C'4-all-labelled Amino Acids into Protein, 
Lipid and Phosphatido-peptide Fractions of Hepatoma Cells 


| ae Nitrogen 
Hepatoma | Condition ese 
| 
| Complete system none 
Complete system 2x10-°M 
| Complete system aa 
peel | —folic acid oe 
Complete system 2x%10-5M 
Complete system none 
Complete system 2x10-°M 
| Complete system 10-2 M 
el aa | ~ folic acid a 
| Complete system 2%10-5M 


Radioactivity found in 
Protein Lipid Phosphatido- 
peptide 

c.p.m./mg. c.p.m./mg. c.p.m./mg. 
866 (100%) 149 (100%) 25 
463 ( 54%) 78 ( 53%) AS 
392 ( 45%) 70 ( 47%) 18 
371 (43%) | 69 ( 47%) 32 
nats | os E 
596 (100%) | 172 (100%) 32 
484 ( 80%) | 136 ( 79%) 106 
527 ( 89%) 146 ( 86%) 44 
534 ( 89%) 135 ( 79%) 82 
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TaBie II 
Effect of Nitrogen-mustard on the Incorporation of C'4-all-labelled Amino Acids into Microsomal 
Protein, Lipid and Phosphatido-peptide Fraction of Hepatoma 
| . Radioactivity found in 

Hepatoma Experiment Concentration of - aa Pho A ae 
strain number nitrogen mustard Protein Lipid ae a 
c.p.m./mg. c.p.m./mg. c.p.m./mg. 

Exp. 1 none 127 (100%) 147 (100%) 3 

10->M 114 ( 90%) —- — 2 

Exp. 2 none 61 (100%) 152 (100%) 15 

AH 1390 10-*M —- — 149 ( 98%) 16 

Exp. 3 none 59 (100%) 83 (100%) 1 

10-5>M 48 ( 81%) —- — — 

10-4 —- — 50 ( 60%) — 

Exp. 1 none 77 (100%) 549 (100%) — 

10-°>M 63 ( 82%) 503 ( 92%) — 

Expsy e2 none 149 (100%) 77 (100%) 20 

AH 7974 10-4 106 ( 72%) 30 ( 43%) Wa 

Bxpees none 75 (100%) | 423 (100%) af 

10-5M 60 ( 80%) 893169370) 5 

10-4M 57 ( 76%) =e es a 


In this table, the use of ten times more 
concentrated nitrogen-mustard does not show 
any significant increase in inhibition. Further- 
more the nitrogen-mustard sensitive strain of 
hepatoma is not always more sensitive than 
the resistant strain from the view point of the 
inhibitory effects of nitrogen-mustard on the 
incorporation of the labelled compounds into 
protein and lipid fractions. 

The data presented in Table II demon- 
strates that if the cell-membranes were re- 
moved prior to incubation, the effects of 
nitrogen-mustard were almost equal for both 
AH 130 and AH 7974. This might be related 
to the differing rates of entry of the agent 
into the cells or to different affinities to a 
receptor system on _ the cell-membranes. 
Furthermore, they show that there was no 
definite correlation between the concentration 
of nitrogen-mustard and the rate of inhibition 
of amino acid incorporation into protein. For 
example, in AH 7974, the addition of nitrogen- 
mustard at the concentration of 10-> M gave 
a 18-20 per cent inhibition of incorporation 
into the proteins, whereas the inhibition was 


only 24-28 per cent with the concentration 
of 10°* M. 

In contrast to the experiments with whole 
cells, there were no correlations between the 
incorporation rate into protein and that into 
lipid. . 

Since incorporation of C!-amino acids 
into phosphatidopeptide fraction in this system 
is very little, accurate results could not be 
obtained in the present experiment. 

Experiments of the Combination of S-RNA and 
Amino Acids—As the result obtained with 
microsomal protein shows slight but steady 
inhibition of the amino acids incorporation 
into protein with the addition of nitrogen- 
mustard, it should be interesting if the site 
of action of nitrogen-mustard is elucidated in 
the course of protein synthesis. Thus, in 
Table III, the inhibition of the combination 
of soluble ribonucleic acids with C'-amino 
acids by nitrogen-mustard is demonstrated. 

Every time, the actual count of the C14- 
amino acids-S-RNA complex was about 
several hundred counts per minute and the 
combination of C'4-amino acids and soluble- 
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RNA was almost complete in the initial five 
minutes. However, in the presence of 10-4 M 


nitrogen-mustard, the combination is not 


TasBLe III 


The Effect of Nitrogen-mustard on the Combination 
of S-RNA and C'4-all-labelled Amino Acids 
by pH 5 Enzymes of Hepatoma 


Combination Rate 


Nitrogen mustard, 


c.p.m./ug.RNA| % 
AH 130 none | 2.2 100 
10-4M | 1i7 74 
AH 7974 none | 8.8 100 
10-4 M 6.6 74 


completed as shown in Fig. 1. 

With the use of 10-4 M nitrogen-mustard, 
the two enzyme systems derived from AH 130 
cells and AH 7974 cells both gave a 25 per 


5 lo 
TIME ( minutes ) 


Effects of 10-*M nitrogen-mustard 
on the combination of C'*-amino acids with solu- 
ble ribonucleic acids of AH 7974 hepatoma. 


Fic. 1. 


cent inhibition of the combination. ‘The 25 
per cent inhibition corresponds well with the 
results obtained in the experiment using 
microsomal protein. 


DISCUSSION 


From the results obtained in this series 
of experiments, it was shown that the destruc- 
tion of the cell-membranes lowered the high 
susceptibility of AH 130 cells to that of 
nitrogen-mustard. This fact may not lead to 
the conclusion that the permeability of the 
cell-membrane is responsible for the charac- 
teristic feature of the nitrogen-mustard resistant 


strain since the destruction of the cell-mem- 
branes of AH 130 showed a lower inhibition 
rate by the addition of nitrogen-mustard: at 
the concentration of 2x10-°M_ nitrogen- 
mustard, the incorporation into protein of 
labelled amino acids by whole AH 130 cells 
was 54 per cent, whereas at the concentration 
of 10-° M nitrogen-mustard the inhibition of 
the incorporation into microsomal protein by 
the cell-free system was 81 per cent. We 
would like to postulate the existence of some 
specificically sensitive receptor system in AH 
130 cells rather than the case of permeability. 
Once the cells were destroyed, no significant 
differences in inhibition between the AH 130 
and AH 7974 strains were observed. The in- 
hibition of 20-30 per cent by adding 10% 
10-4 M of nitrogen-mustard might come from 
a disturbance of the combination of C'*-amino 
acids with soluble ribonucleic acids, as shown 
in Table III. The ceiling effect at 10-°-10-¢ 
M nitrogen-mustard may be interpreted as 
following. At these concentrations the nitro- 
gen-mustard saturates almost all the sites 
where the combination of soluble ribonucleic 
acid with amino acids occurs, and so greater 
concentrations do not further increase the 
inhibition. 

Thus the cause of the sensitivity to the 
nitrogen-mustard of AH 130 cells might be 
considered to be the existence of the specific 
receptor system of AH 130 cells. 

Coles, Johnstone and Quastel (7) 
studied the effect of a number of alkylating 
agents on the in vitro incorporation of glycine- 
1-C4 into the ethanol/acetone-insoluble frac- 
tion of Ehrlich ascites carcinoma cells. With 
the exception of a compound, all alkylating 
agents so far tested (including nitrogen- 
mustard) inhibit this incorporation in varying 
degrees, with little or no effect on the respi- 
ration of the cells. 

In their experiment, the  inhibititory 
effect of an alkylating agent on the incorpo- 
ration of glycine-I1-C'* into the proteins of 
tissues increases with time of exposure of the 
cells to the agent. 

Different tumors have different suscepti- 
bilities to alkylating agents as far as inhibi- 
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tion of glycine-1-C'* incorporation is con- 
cerned. 

These results were almost similar to our 
results, except some newer alkylating agents 
like ethyl methane sulfonate were used at 
higher concentrations and showed consequent- 
ly stronger inhibitions. 

Their most interesting result is the fact 
that they have postulated a hypothetical re- 
ceptor system in the susceptible tissue : Studies 
of the effects of nitrogen-mustard show that 
if inhibition of the process of glycine incor- 
poration in Ehrlich ascites proteins is propor- 
tional to the amount of alkylating agents 
adsorbed on a cell receptor, the adsorption 
follows the Langmuir adsorption isotherm. 

According to our experiments, AH 130 
cells are more susceptible than AH 7974 cells. 
However if we destroyed the cell-membranes, 
the difference in susceptibility disappeared at 
once. ‘Thus, if we postulate some specific 
receptor system on the surface of AH 130 
cells, the singular susceptibility of AH cells 
might be partially interpreted by this hypo- 
thesis. 

At present the nature of receptor systems 
for alkylating agents which may exist on the 
surface of susceptible cells cannot be stated. 
However, Roberts and Warwick (@) 
studied the metabolism of ethyl methane 
sulfonate in the rat and showed that this 
agent is conjugated with cysteine to form 
N-acetyl-S-ethylcysteine, which is then excret- 
ed in the urine. Thus, the combination with 
SH compounds may be an important step in 
considering the mode of action of certain 
alkylating agents. 


SUMMARY 


1. The incorporation in vitro of C'4-amino 
acids into protein of rat-ascites hepatoma cells 


Y. Miura, K. Momosse and A. MortyAMA 


was inhibited by the addition of 10° 
nitrogen-mustard to the incubation medium. 
AH 130 hepatoma cells were more susceptible 
than AH 7974 hepatoma cells. 

2. With the homogenates of hepatoma 
cells, the difference in susceptibility of the 
hepatoma strain disappeared and the suscep- 
tibility of the hepatoma strain disappeared 
and the susceptibility of the AH 130 strain 
was slightly decreased. 

3. ‘The combination of soluble ribonucleic 
acid with C!4-amino acids was inhibited by 
the addition of nitrogen-mustard. 

This might be the cause of the inhibitory 
action of nitrogen-mustard during the course 
of protein biosynthesis, but the authors have 
postulated some specific receptor system on 
the surface of the susceptible hepatoma cells. 
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Since the development of the subcellular 
fractionation method, the fact that many en- 
zymes are unequally distributed in the cells 
has now been firmly established by several 
investigators. Among them, C. de Duve and 
his group (/) have already reported intracellu- 
lar distribution patterns of enzymes in normal 
rat liver tissues. 

This paper is a comparative study on the 
intracellular distribution patterns of some en- 
zymes with normal livers, regenerating livers 
and two strains of rat-ascites-hepatoma. These 
patterns were different for normal and regene- 
rating livers as well as for two strains of DAB- 
hepatoma. However, the greatest difference 
was generally observed between normal liver 
and hepatoma even after taking account of 
the fundamental difference in the mass of 
the nuclei or mitochondria of those two 
tissues. 


EXPERIMENTAL 


The experiments were performed on the livers of 
albino rats weighing 100-120g. and on rat-ascites- 
hepatoma cells (AH 130 strain and AH 7974 strain) 
implanted in the abdominal cavity of albino rats. 
The hepatoma cells were harvested after 10-12 days 
implantation and homogenized with 0.25M_ sucrose 
and made 20% homogenates. Regenerating livers were 
made by the method of Higgins and Anderson 
(2) and used 48 hours after the surgical removal of a 
part of the livers. The subcellular fraction was carried 
out by the method described by Hogeboom (3). 
Nucleal, mitochondrial, microsomal and supernatant 
fractions were obtained by the differential centrifuga- 
tion. 


Enzyme Assays 


Acid Phosphatase—The activity of this enzyme was 
measured by the method described by Ohmori and 
Fujita (4). To 1.0ml. of substrate solution con- 
taining 0.001M p-nitrophenol phosphate and 0.1M 
acetate buffer (pH 5.0) was added 1.0ml. of enzyme 
solution (in the form of homogenates or of separate 
subcellular fractions). The total volume of 2.0 ml. 
was incubated at 37°C for 30 minutes. The reaction 
was stopped by adding 2.0ml. of 10% trichloroacetic 
acid. After centrifugation, 2.0ml. of the supernatant 
solution was added to the same volume of saturated 
Na,COsz solution. The color developed by /-nitro- 
phenol liberated by phosphatase activity was measured 
by a Hitachi electrocolorimeter (Model FPW-4) with 
an Sy. filter. 

Aldolase—The activity of the enzyme was assayed 
by the method described by Sibley and Lehning- 
er (5). To 0.25ml. of substrate solution containing 
0.05M fructose-1, 6-diphosphate, 0.25ml. of 0.56M@ 
hydrazine solution (pH 8.6) and 1.0ml. of 0.14 Tris 
buffer (pH 8.6) was added. After thermal equilibrium 
at 36°C, 1.0ml. of enzyme solution was added and 
kept at 36°C for 30 minutes. The reaction was stopped 
by adding 2.0ml. of 10% trichloroacetic acid. After 
centrifugation, 1.0ml. of the supernatant was trans- 
ferred to a test tube containing 1 ml. of 0.75 N NaOH 
The mixture was kept at room temperature 
After the addition of 1.0ml. of 0.1% 
dinitrophenyl hydrazine solution into the test tube, 


solution. 
for 10 minutes. 


the mixture was incubated at 37°C for 10 minutes. 
Again 7.0ml. of 0.75N NaOH was poured into the 
test tube. 
measured by a Hitachi 
FPW-4) with an S,3 filter. 

Alkaline Phosphatase—The procedure is essentially 
the same as that for acid phosphatase except that the 
substrate solution contains 0.001 M p-nitrophenol phos- 


The developing brown violet color was 


(Model 


electrocolorimeter 
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phate, 0.01 4 MgCl, and 0.05M Veronal buffer (pH 
9): 

Arginase—Arginase activity was assayed in a modi- 
fied Sakaguchi reaction (6) to measure the residual 
arginine. The reaction medium was composed of 1.0 
ml. of 0.001M@ arginine and 1ml. of enzyme solution 
containing 0.0005 M MnSO, and 0.1M Veronal buffer 
(pH 9.0). The incubation was carried out at 37°C 
for 30 minutes, then stopped by the addition of 2.0 
ml. of oxine-sulfo mixture (2.5% sulfosalicylic acid, 
0.005M glycine and 0.05% oxine). The resulting 
precipitate was filtered off and 2.0ml. of the filtrate 
was kept cold and added to Ilml. of 2.5% NaOH. 
After allowing 15 minutes for chilling, 1.0 ml. of hypo- 
bromite (1% bromine in 5% NaOH) was mixed in 
and the total volume was made 10ml. An orange 
color developed in several minutes and was measured 
by means of a Hitachi electrocolorimeter (Model FPW-4) 
with an S59 filter. 

Catalase—F or .assaying the high activity of catalase 
in normal and regenerating livers, the following method 
(7) was adopted: To 20ml. of cold 0.01N hydrogen 
peroxide in 0.007 M phosphate buffer, 1 ml. of enzyme 
solution was added. 5ml. of the aliquots were taken 
at 0, 3, 6, 9 minutes after the addition of the enzyme, 
and the aliquots were added to 5ml. of 2N-H,SO, 
and titrated with 0.005N potassium permanganate. 

In the case of the low activity in tumor tissues, 
to 5ml. of the aliquots were added 1ml. of 5% KI 
and 0.5ml. of saturated ammonium molybudate (@). 
The mixture was allowed to stand for 3 minutes, then 
titrated with 0.005 sodium thiosulfate, The calcu- 
lation was carried out using the following equation. 


1 
eae ees 
t a=) 

K: first order velocity constant 
a: initial concentration 


Xx: concentration after t hours 


Cathepsin—The activity of cathepsin was estimated 
by the method of Snoke, Neurath and Lowry 
(9). In 1lml. of the substrate solution containing urea 
denaturated haemoglobin “‘ Takeda”’ (0.25 ¢. of haemo- 
globin and 8.6g. urea were disolved in 14ml. of 0.1N 
NaOH, incubated at 30°C for 30 minutes, and neutra- 
lized by 1N HCl (final pH 3.6)) was mixed Iml. of 
enzyme solution. (The solution was previously diluted 
with acetate buffer (pH 3.6) to the appropriate con- 
centration. The final concentration of acetate buffer 
must be M/10.) The mixture was then incubated at 
37°C. for 30 minutes. After the addition of 1.0 ml. of 
0.6M trichloroacetic acid, the mixture was kept at 
30°C. for 30 minutes. 
1lml. of the supernatant was measured by Folin- 


The amino acid content in 
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Ciocalteu’s method. 

Cholin Esterase—The activity was estimated by the 
technique of Hestrin (20). 1ml. of the substrate 
solution containing 0.2 ml. of 0.04 M acetyl cholin-HCl 
and 0.8ml. of 0.1M phosphate buffer (pH 7.2) and 
1ml. of the enzyme solution were mixed and incubated 
at 37°C. After 30 minutes, 4ml. of 1M alkaline 
hydroxylamine solution was added to the incubation 
medium and soon after the medium was acidified by 
the addition of 2.0ml. of 4N HCl, and the precipi- 
tates which occurred were filtered off. 4.0 ml. of the 
filtrate was mixed with lml. of 0.37M@M FeCl,. The 
brown-violet color developed by the reaction with the 
residual acetyl cholin was measured by means of a 
Hitachi electrocolorimeter (Model FPW-4) with an S,3 
filter. 

Glutamic-oxaloacetic Transaminase—The assay method 
was that described by Caband, Leeper and Wréb- 
lewski (77). The total volume of 1.5ml. medium 
contained 13.3mg. pDi-aspartic acid, 3mg. a-ketogluta- 
rate, 10mg. KH,PO, and 0.5ml. of enzyme solution. 
The pH was adjusted to pH 7.4. After incubation 
at 26°C for 20 minutes, the reaction was stopped by 
the addition of 2 gtts. of 50% trichloroacetic acid. To 
the supernatant, 1 gét. of anilin-citric acid mixture 
(Sml. of water, 5g. of citric acid and 5ml. of aniline) 
was added and after 10 minutes, 0.5ml. of 0.1% di- 
nitrophenylhydrazine-HCl was also pippetted into the 
supernatant. The resulting solution was kept at room 
temperature for 5 minutes, then 2.0ml. of toluen was 
mixed with vigorous shaking. I1ml. of toluen layer 
was added with 3ml. of 2.5% WKQOH-alcohol and the 
brown color which developed was optically measured 
by a Hitachi electrocolorimeter (Model FPW-4) with 
an Sz filter. 

Histidase—The activity of this enzyme was meas- 
ured by the method described by Takeuchi (22) 
The 


reaction mixture was composed of Iml. of enzyme 


using the determination of the residual histidine. 


solution and Iml. of substrate solution containing 
0.04 M histidine and 0.05 M phosphate buffer (pH 8.3). 
After incubation at 37°C for 1 hour, the reaction was 
stopped by 2.0ml. of 16% trichloroacetic acid. 1ml. 
of the filtrate was mixed with lml. of cupuric sulfate 
mixture (0.075% CuSO, 10 ml.+conc. H,SO, 9ml.+ 
1M glycine 10 ml. and sufficient water so as to make 
100 ml.), Iml. of KBrO; and 0.5ml. of saturated 
bromine water. Then the mixture was incubated at 
37°C in the dark. After 1 hour, 3% arsenite solution 
was added to the mixture until the bromine color 
was disappeared. Then the mixture was extracted by 
5.0 ml. of ethylacetate-xylol mixture (1:1). The aque- 
ous layer and washings were combined and mixed 


with 2ml. of 27.2% sodium acetate. The final volume 


Enzyme Distribution 


After an incubation at 
37°C. for 10 minutes, a red color developed. The 
optical measurement was carried out by a Hitachi 
electrocolorimeter (Model FPW-4) with an S.,, filter. 
Peptidase—The enzymic activity was determined 
by a method proposed by one of the authors (Furiy a) 
(23). 1ml. of the substrate solution containing 0.001 4 
bu-leucyl-m-aminobenzoic acid and 0.05M phosphate 
buffer (pH 7.4) was mixed with 1lml. of enzyme 
solution and incubated at 37°C for 
adding 1ml. of 10% trichloroacetic acid, the reaction 


was made 10 ml. with water. 


30 minutes. By 


was stopped and the protein fraction was filtered off. 
To 1lml. of the cold filtrate 5 gét. of N-HCl was added. 
Two minutes after the addition of lgit. of 30% 
NaNO,, 2ml. of H acid-ammonium sulfite mixture 
(0.05% H acid, 0.5% NaSO; and 2.5% ammonia) was 
The total volume of the mix- 
After 10 
minutes, the color of the diazotized dye was measured 
by a Hitachi electrocolorimeter (Model FPW-4) with 
an S;3 filter. 

Urocanicase—The assay method of this enzyme was 
that which Edlbacher (/#) developed for the deter- 
Iml. of the 
enzyme solution and 1Iml. of the substrate solution 
containing 0.002 M urocanic acid and 0.02 M phosphate 
buffer (pH 7.4) were mixed and incubated at 37°C 
for 1 hour. The reaction was stopped by the addition 
of 2.0 ml. of 16% trichloroacetic acid. The resulting 
precipitate was filtered off, and 1lml. of the filtrate 
was neutralized by adding 1 ml. of 0.5 N NaOH. Iml. 
of this solution was chilled, and then 5.0 ml. of 0.53% 
Na,CO, and 0.5ml. of diazoreagent (2 volumes of 
0.25% p-nitroaniline solution containing 0.03N HCl 
and 1 volume of 0.5% NaNO, were added). The 
mixture was allowed to stand in the cold for 15 
minutes. The resulting orange dye was extracted by 
10.0 ml. of butanol. The optical density was measured 
by a Hitachi electrocolorimeter (Model FPW-4) with 
an S,, filter. 

Units of Enzymes and Presentation of Results—To 
simplify the construction of table, the following sym- 
bols will be used to designate the isolated fraction: 
N=nuclear fraction; M=mitochondrial fraction; P= 
particulates or microsomal fraction; S=final super- 
natant. 

The results of the enzyme distribution studies will 
be expressed in units/mg. protein of enzyme contain- 
ing fraction. 

Except for cathepsin and catalase, one unit of 
enzymic activity refers to the decomposition of 1 wmole 
of substrate/hour under the conditions of the assay. 
The molarity of the products of cathepsin action was 
expressed conventionally in terms of tyrosine equiva- 


promptly mixed in. 
ture was made 10ml. by adding water. 


mination of the residual urocanic acid. 
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lents of the color developed with the Folin-Ciocal- 
teu reagent and one unit of catalase refers to the 
hydrolysis of 1 ymole/min. 

The distribution patterns of enzymes were express- 
ed by the method originally established by De Duve 
(7). Fig. 1 is an example of such an expression. 
Glutamic-oxaloacetic-transaminase of normal rat liver 
line) and AH 7974 hepatoma (light line). 
Ordinate: mean relative specific activity of fractions. 


(heavy 


The relative specific activity was expressed as the ratio 
of the specific activity of each fraction per specific 
activity of the original homogenate. 

A unit is according by the specific activity of the 
homogenate. Abcissa: fractions are represented by 
their relative nitrogen content measured by the method 
of Folin-Ciocalteu, in the order in which they 


are isolated, i.e. from left to right: N.M.P. and S. 
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Fic. 1. The distribution patterns of glutamic- 


oxaloacetic transaminase in normal liver and hepa- 
toma (AH 7974). 


The area of each block is thus proportional to 
the percentage of activity recovered in the correspond- 
ing fraction, and its height to the degree of purification 
achieved over the homogenate. 


RESULTS 


General Survery of Quantitative Data—Specific 
activities of the enzymes in homogenates of 
normal and regenerating livers as well as hepa- 
toma cells are recorded in Fig. 2. 

In general, there are two groups of en- 
zymes: those that show very weak activities 
in cancer homogenates compared with the 
normal or regenerating livers homogenates, 
(e.g. arginase, catalase, glutamic-oxaloacetic- 
transaminase, histidase and urocanicase) and 
those that have equal or sometimes more activ- 
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ity in cancer homogenates than in normal or 
regenerating livers homogenates. (e. g. aldolase, 
cathepsin and leucine amino-peptidase). In 
most cases, there are no distinct differences 
of specific activities between the AH 130 strain 
and the AH 7974 strain of hepatoma. How- 
ever, in the case of alkaline phosphatase, the 
specific activities of this enzyme were quite 
low in AH 7974 homogenates whereas those 
in AH 130 homogenates were always high in 
every trial. 

From the view point of the distribution 
patterns of enzymes (Fig. 3), one could divide 
the enzymes tested into the following three 
categories: Type 1, the distribution patterns 
are almost similar in hepatoma cells as well 
as in normal and regenerating liver cells. (e. g. 
aldolase, choline esterase, glutamic-oxaloacetic- 
transaminase and urocanicase). Type 2, the 
distribution patterns are similar in the two 
types of normal cells and in the two types of 
tumor cells, but entirely different patterns 
were observed if normal and tumor cells are 
compared to each other. (e.g. arginase, cata- 
lase and peptidase) Type 3, the distribution 
patterns are similar in normal and regenerat- 
ing livers but different from strain to strain 
in tumors. (alkaline phosphatase). 
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rat liver homogenates and hepatoma homogenates. 


Detailed Analysis of Results Obtained 
Sor Each Enzyme 


Aldolase—There are several reports con- 
cerning the increased activity of this enzyme 
in cancer cells and in the serum of cancer 
patients (15, 1/6). In our data also, normal 
liver homogenates showed the lowest activities 
compared with the proliferating tissues. How- 
ever, the distribution patterns of this enzyme 
were rather similar in normal and neoplastic 
tissues, and everytime the supernatant fractions 
contained the highest activity of this enzyme. 
This fact might have some relationship to the 
high activity in the serum of cancer patients 
since the enzyme may leak from the cell-sap 
of cancer tissue by the change of permeability 
of cancer cells. 

Acid and Alkaline Phosphatase—The specific 
activities of acid phosphatase in homogenates 
of tumor cells were comparatively lower than 
those in normal cells. The lower activities of 
the enzyme in particulates fractions are 
characteristic in neoplastic cells. 

As noted before, the specific activities of 
the AH 130 homogenates were specifically 
high and the lowest activities were measured 
in the AH 7974 homogenates. The distribu- 
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Fic. 3. The distribution patterns of various 
enzymes in rat liver cells and hepatoma cells. 
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tion patterns of this enzyme are also charac- 
teristic in the AH 130 cells: very low activity 
was observed in the supernatant fraction 
whereas the highest activity was found in the 
microsomal fraction. This pattern is entirely 
different from that of AH 7974. Katayama 
already reported the higher activity of this 
enzyme in the nucleal fraction of AH 130 
compared with the same fraction of AH 7974 
(17). Although there exists a general idea 
that different types of malignant tissues 
demonstrate rather similar protein and enzyme 
patterns (/8), this observation may encourage 
our working-hypothesis that each strain of 
tumors has different metabolic patterns since 
they have a different number of chromosomes. 

Arginase—The specific activities of these 
enzymes in cancer were about one hundredth 
of the normal tissues. The reason why the 
lower activity was observed in cancer was 
discussed by some authors (J9). 

The difference of the distribution patterns 
between normal tissues and cancer cells was 
striking. However, as Schneider, Laird 
and De Duve have already reported, the 
use of 0.25M sucrose for the subcellular frac- 
tionation resulted the different distribution 
pattern of arginase (20, 2/,/). Carruthers 
adopted another fractionation method using 
glycerol and obtained rather different patterns 
compared to our results (22). 

Catalase—Very low activity of catalase in 
cancer homogenates may be one of the charac- 
teristic features of neoplastic tissues. As the 
main localization of this enzyme is in the 
mitochondrial fraction, the weak activity of 
this enzyme may be attributed either to the 
decreased number of mitochondria in cancer 
cells or to the lower content of iron in cancer 
cells. 

Cathepsin—There are no remarkable differ- 
ences between the specific activities of the 
hepatoma homogenates and normal liver 
homogenates. Similarly the distribution pat- 
terns of cancer cells were fundamentally the 
same as those observed in normal livers. 

Choline Esterase—There are conflicting re- 
ports on the activity of this enzyme in hepa- 
toma: The high activities were observed in 


hepatoma in situ (23). In our case, com- 
paratively lower activities were observed in 
ascites hepatoma homogenates. In the distri- 
bution pattern, the highest activities in micro- 
somal fractions were characteristic in normal 
tissues. 

Glutamic-oxaloacetic Transaminase—Although 
there are some reports that the activity of 
this enzyme in the sera of cancer patients 
increases according to the development of the 
tumor, our results show relatively lower activ- 
ities in hepatoma homogenates. The distri- 
bution patterns were similar in normal and 
neoplastic cells. 

Histidase—Like the previous reports by 
Masayama or by Kishi, the activity of 
this enzyme was scarcely detected in our ex- 
periment (24, 25). 

Urocanicase—V oillier observed that an 
enzyme splitting imidazole ring was reduced 
in DAB hepatoma (26). As our method to 
measure urocanicase activity is based on the 
degree of splitting activity of the imidazole 
ring, both enzymes are presumably identical 
ones. This enzyme is located mainly in the 
supernatant fraction of normal and neoplastic 
tissues. However, small peaks were observed 
in cancer mitochondrial fractions. 


DISCUSSION 


De Duve proposed to divide the mito- 
chondrial fraction into two subfractions. 
Applying this fractionation method, he pro- 
posed four groups of the distribution patterns 
of various enzymes. The first group comprises 
cytochrome oxidase, rhodanase and _ cyto- 
chrome reductase. All these enzymes have 
been found to be associated with the heavier 
cytoplasmic granules, and may therefore be 
considered as truly mitochondrial. In the en- 
zyme studied, cathepsin might belong to this 
group. In the second group, which comprise 
the microsomal enzymes, are found glucose- 
6-phosphatase and special §-glucuronidase 
(opt. pH 5.2-5.3). Arginase and choline este- 
rase in normal tissues seem to belong to this. 
category. The third group of enzymes in- 
cludes acid phosphatase, ribonuclease and 
deoxyribonuclease. The peak of specific activ- 
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ities exists in the light mitochondrial fraction. 
Cathepsin is included in this group according 
to De Duve’s fractionation. However, in 
our experiment the light mitochondrial frac- 
tion was not isolated because of the paucity 
of the total mitochondrial fraction in cancer 
cells. Thus, we could include neither cathep- 
sin nor acid phosphatase in this group. De 
Duve postulated also that uricase might be- 
long to lysosomes or to yet another class of 
granules, since uricase is essentially insoluble 
and might be expected to sediment with par- 
ticles. The representative enzyme which be- 
longs to the fourth group of the distribution 
patterns is uricase, whose specific activity is 
particularly high in lysosomes but relatively 
high in other particulate fractions. 

In our case, urocanicase was especially 
active in the supernatant fraction. This might 
be a new group which was not observed in 
the enzymes studied by De Duve. However, 
as cited before, the distribution patterns of 
some enzymes showed several varieties accord- 
ing to the status of the tissue: ¢. g. non-grow- 
ing, proliferating or malignant. Even in 
malignant cells, the differences of the strains 
may change the shape of the distribution 
patterns like alkaline phosphatase. 


SUMMARY 


1. The specific activities of a number of 
enzymes has been investigated in normal and 
regenerating rat liver homogenates as well as 
two strains of hepatoma homogenates. Argi- 
nase, catalase, glutamic-oxaloacetic-transami- 
nase and histidase showed lower activities in 
cancer homogenates whereas aldolase was 
found more active in neoplastic tissue homo- 
genates. 

2. The intracellular distribution of the 
enzymes was compared and divided into three 
groups: Type 1 has a distribution pattern 
common to normal and regenerating liver as 
well as cancer cells (aldolase, choline esterase, 
glutamic-oxaloacetic-transaminase and uro- 
canicase). Type 2 has a peculiar pattern for 
cancer Cells (arginase catalase and peptidase). 
Type 3 shows a common pattern for normal 
tissues but entirely different shapes will be 
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observed in each strain of hepatoma (e.g. 
alkaline phosphatase). 

3. In discussing these results, some con- 
flicting evidence as compared with De Duve’s 
work has also been brought to light. 


The work has been supported by grants from the 
Ministry of Education to Cancer Chemotherapy Re- 
search Group. We wish to thank the staff of the 
Sasaki Institute for their kind supply of AH strains- 
hepatoma. 
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Au cours d’un travail antérieur, nous 
avons fait remarquer que, chez les Invertébrés 
marins qui présentent un degré plus ou moins 
étendu d’euryhalinité, deux mécanismes diffé- 
rents peuvent étre responsables de cette faculté 
d’adaptation (/). Chez des animaux comme 
la Moule (2) et Arenicola (1), le seul mécanisme 
mis en jeu est la variation de concentration 
des constituants intracellulaires, notamment 
de la composante amino-acide. Chez d’autres 
Invertébrés euryhalins, ce mécanisme est 
complété par une osmorégulation, c’est-a-dire 
par un mécanisme d’ionorégulation main- 
tenant la concentration osmotique du milieu 
intérieur 4 une valeur supérieure a celle du 
milieu extérieur, quand ce dernier est moins 
concentré que leau de mer (Carcanus (3, 4), 
Eriocheir (5)). 

Ce qui précéde fait supposer que le 
mécanisme intracellulaire représente le 
mécanisme le plus ancien rendant compte 
d’un degré plus ou moins marqué d’euryha- 
linité, le mécanisme osmorégulateur étendant 
encore vers les régions de basses salinités du 
milieu aquatique, les capacités euryhalines des 
Invertébrés marins qui l’auraient secondaire- 
ment acquis. 

Le cas des espéces marines plus ou moins 
euryhalines que présentent les genres Nereis 
et Perinereis offre dans ce domaine un sujet 
d’études particuliégrement adéquat. Nereis 
diversicolor (O. F. Miiller) est le seul Invertébré 
marin connu, en dehors des Crustacés, comme 
présentant une osmorégulation lorsqu’il vit 
dans l’eau saumAtre ot il supporte une dilu- 
tion poussée jusqu’a celle de Peau de mer 
diluée cing fois (6). Perinereis cultrifera Gr., 


bien quwétant poecilosmotique (7), présente 
cependant un degré non négligeable d’euryha- 
linité qui Poppose a Nereis pelagica L., elle 
aussi poecilosmotique (6), mais dont l’aire de 
distribution est limitée 4 ’eau de mer, tandis 
quw’on trouve Perinereis cultrifera dans certains 
estuaires (8). 

Nous avons donc mesuré chez N. diversi- 
color et P. cultrifera les variations de pression 
osmotique des milieux extracellulaires et celles 
de la concentration en quinze acides aminés 
libres intracellulaires, au cours de l’adaptation 
a des milieux hypotoniques. 


METHODES 


Les animaux utilisés pour ces expériences ont été 
choisis intacts, et ceux dont la partie postérieure du 
corps avait été abandonnée par autotomie en cours 
d’expérience ont été éliminés. D/’autre part, afin 
d’éviter de trop grandes pertubations, les vers en 
expérience ont été conservés dans des aquariums garnis 
d’une couche de 3 a 4cm de sable ou de vase pro- 
Toutes les 
expériences ont été réalisées au mois de juin 1960. 


venant de l’endroit de récolte de ces vers. 


. 


Les individus appartenant a Vespéce  Perinereis 
cultrifera ont été recueillis dans le sable de la gréve 
Un lot 


témoin a été conservé en eau de mer courante, pendant 


de Roscoff, en face du laboratoire maritime. 


que les vers du second lot étaient transférés dans des 
aquariums recevant une eau de mer de plus en plus 
diluée, jusqu’a atteindre la proportion d’un volume 
Cette 
Les vers ont 


d’eau de mer pour un volume d’eau douce. 
période d’adaptation a duré 6 heures. 
ensuite été conservés pendant 3 jours dans un mélange 
a parties égales d’eau de mer et d’eau douce, bien 
aéré et constamment renouvelé. 

Vers témoins et vers adaptés a l’eau de mer 
diluée ont été utilisés pour le prélévement des liquides 
organiques extracellulaires et pour la préparation des 
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broyats de tubes musculo-cutanés. Six individus ont 
fourni environ 1.5ml. de mélange de sang et de 
liquide coelomique, dont la pression osmotique a été 
évaluée par mesure de Vabaissement cryoscopique. 
Pour la préparation des tubes musculo-cutanés, chaque 
animal, essoré sur papier filtre, a été ouvert, au moyen 
de ciseaux fins, sur toute sa longueur le long du 
vaisseau dorsal. 
du corps, pauvre en muscles, de la téte et du pharynx, 


Aprés élimination du 1/3 postérieur 


le contenu du tube musculo-cutané (tube digestif, 
néphridies) a été enlevé a la pince et par grattage au 
scalpel. La préparation a été ensuite essorée, lavée 
dans de l’eau de mer isotonique glacée, soigneusement 
essorée de nouveau, pesée sans délai, et plongée in- 
stantanément dans un volume connu d’eau distillée 
bouillante, afin d’inactiver les enzymes. Nous avons 
veillé a ce que l’ensemble de ces manipulations n’ex- 
céde jamais 10 minutes. 

Les individus appartenant a l’espéce Nereis diversi- 
color ont été récoltés dans la vase de l’Aber de Roscoff. 
Pendant qu’une partie des animaux (lot témoin) était 
gardée dans de l’eau de mer courante, l'autre partie 
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a été adaptée progressivement a de l’eau de mer de 
plus en plus diluée, de telle sorte que, aprés 36 heures 
environ, la proportion d’eau de mer était de 1/5. 
Les vers ont été maintenus pendant 4 jours dans de 
l’eau de mer diluée 5 fois, bien aérée et constamment 
renouvelée. 

La récolte du mélange de sang et de liquide coe- 
lomique a été réalisée par prélévement au moyen 
d’une pipette capillaire. La préparation des tubes 
musculo-cutanés a été réalisée comme pour l’espéce 
précédente. 

Les différentes préparations musculo-cutanées con- 
stituant un méme lot ont été rassemblées, avec l’eau 
ou on les a ébouillantées, et homogénéisées au moyen 
d’un Waring-blendor. La purée obtenue a été dialysée 
pendant 24 heures a 0°C contre un volume 10 fois 
supérieur d’eau distillée. Le dialysat, évaporé a sec, 
a été hydrolysé par chauffage a reflux pendant 24 
heures en présence d’acide chlorhydrique 6N. Les 
résultats sont réunis dans les tableaux I et II, tandis 
que les tableaux III et IV rassemblent les différentes 
données numériques. 


TaBLEAU I 


Variation de concentration de 15 acides aminés libres intracellulaires, 


au cours de l’adaptation a des milieux dilués 


(mg. d’acide aminé p. 100g. de tissu frais) 


Perinereis cultrifera Nereis diversicolor 

Eau de mer | Eau de mer E Eau de mer 

arn ; | diluée 2 fois | ae NS Mls eats fon 
Alanine 305.7 | 209.6 | 104.2 || 323.2 27.6 
Arginine | 2.8 CA | hopin a 2 
Ac. aspartique | 96.4 80.2 eyigiuly| 94.9 | 41.4 
Ac. glutamique | 217.3 168.9 175,980) 210.5 91.3 
Glycocolle | 1329.6 1416.7 Pdi. | 433.6 50.1 
Histidine 24.6 22.6 95° | 31.3 11.0 
Isoleucine 11.8 9.2 4.9 24.8 4.9 
Leucine 15.4 Ve 6.6 || 22.8 6.0 
Lysine | 11.1 8.6 | 37.0 29.6 
Méthionine 30.8 31.0 11.0 | 40.2 8.5 
Phénylalanine | 6.8 6.5 46 | 8.6 2.8 
Proline | 290.7 245.2 208.0 527.2 57.7 
Thréonine | 94.3 88.9 42.8 51.4 16.5 
Tyrosine 10.5 99 | 6.9 agate 5.5 
Valine | 24.40 22.4 | 12.8. 44.9 6.5 

Total Helaulb2479-2 2335.0 1344.0 1877.2 =p 364 a 
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TABLEAU II 


au cours de l’adaptation a des milieux dilués 


Variation de concentration de 15 acides aminés libres intracellulaires, 


(millimoles d’acide aminé p. 100g. de tissu frais) 
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| Perinereis cultrifera | Nereis diversicolor 
| || a: a) = 
| tale: gre we om | Eau de mer Paueighanes Eau de mer 
| | | 2 diluée 2 fois | diluée 5 fois 
Alanine | 3.43 2.35 1.17 3.63 31 
Arginine | .02 -02 01 .O1 O01 
Ac. aspartique ofl .60 .66 ail el 
Ac. glutamique | 1.48 1.15 79 1.43 62 
Glycocolle onl i ee Tn 07 9.69 5.78 67 
Histidine 16 ails) .06 I .20 .07 
Isoleucine .09 .07 .04 | 19 .04 
Leucine 12 09 05 | 4g) 05 
Lysine | .08 .06 04 .28 .20 
Méthionine | eae a 07 al 06 
Phénylalanine ! .04 | .04 .03 05 02 
Proline | 2553 | DS 1.76 4,58 50 
Thréonine | 79 | 75 36 43 14 
Tyrosine .06 .05 .04 14 03 
Valine | .20 JIS) Suit 38 .06 
Total } 27.64 26.73 14.88 | 18.25 3.09 
} Moy : 27.18 Différence=0.12 mole/litre | Différence=0.15 mole/litre 
| (soit environ 0.2°C) (soit environ 0.3°C) 
TasLEAu_ III 
Perinereis cultrifera 
Abaissement cryoscopique Nombre | Oe Hissu | nein msg. oogsden Rs acides aminés 
(A) gnaeaees | g. de Hedi frais | cas frais ell P- ak Soa 
| Eau de mer 
Ae | —2.08°C | 10 10.3281 SS ne | 2472.2\ moy. 3175 
Ai | —9.06°C 10.4974 74.9) ~~" | 2335.0/ 2403.6 | 
Eau de mer | | 
_diluée 2 fois 
Rete Vasei12'Capitel 
Ai | 8 12.0324 82.8 1344.0 1623 


—1.17°C 


a) mg. pour 100g. d’eau: 
b) résultant uniquement de la variation de teneur en eau: 
c) non expliquée par la variation de teneur en eau: 


Variation de concentration des acides aminés libres intracellulaires: 
3175-1623= 1552 mg./100 g. d’eau 
3175-2903= 272 mg./100 g. d’eau 
1552-272=1280 mg./100 g. d’eau 
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TasLtEAu IV 
Nereis diversicolor 
Abaissement cryoscopique Nombre Pore Ge gst Poe add ne rae mg. acides aminés 
‘individ frais g. p. 100g. p- 100g. de 100 g. d’eau 
| d'individus g. de tissu frais tissu frais P: : 
| Eau de mer 
Ae —2.08°C 44 7.4424 75.8 1877.2 2477 
| Eau de mer 
| diluée 5 fois 
Ae —0.43°C 36 8.7739 82.4 361.5 439 
Ai —1.04°C 


Variation de concentration des acides aminés libres intracellulaires: 


a) mg. p. 100g d’eau: 2477-439=2038 


b) résultant uniquement de la variation de teneur en eau: 
c) non expliquée par la variation de teneur en eau: 


DISCUSSION 


Le tableau III montre que, dans leau de 
mer diluée deux fois, représentant la limite 
extréme de la tolérance a la dilution chez 
Perinereis cultrifera, la modification d’hydrata- 
tion des muscles de cette espéce est faible, 
bien que la dilution du sang corresponde a 
une variation d’abaissement cryoscopique de 
1°C environ, cest-a-dire presque exactement 
a la valeur de la variation du milieu extérieur. 
La variation de concentration de la compo- 
sante amino-acide (dont 82 p. 100 ne sont pas 
expliqués par la modification d’hydratation) 
correspond a une variation d’abaissement 
cryoscopique de 0.2°C environ. 

Dans le cas de Nereis diversicolor (tableau 
IV), la forte dilution du milieu extérieur (de 
—2.08° 4 —0.43°C, soit une variation de 1°65°C) 
est compensée par l’osmorégulation du milieu 
intérieur 4 concurrence de 0.61°C (la valeur 
de Vabaissement cyoscopique du sang étant 
de —1.43°C), et par la diminution de concent- 
ration des acides aminés intracellulaires a 
concurrence de 0.3°C environ. 

Les cas de Perinereis cultrifera et de Nereis 
diversicolor se rangent donc dans les deux caté- 
gories de mécanisme assurant l’euryhalinité: 
le premier se situant comme ceux de Mytilus 
et d’Arenicola parmi les organismes marins 
dont l’euryhalinité dépend uniquement d’une 
régulation intracellulaire a laquelle la modi- 
fication de la composante amino-acide contri- 


2477-2278= 199 
2038-199=1839 (90 p. 100) 


bue pour une part importante, le second se 
situant, comme Carcinus et Eriocheir, parmi les 
organismes dont leuryhalinité, plus étendue 
que celle de la premiére catégorie, reléve a 
la fois @une régulation intracellulaire et d’une 
osmorégulation du milieu intérieur. 

Beadle (JO), considérant la théorie de 
Schlieper (6) selon laquelle les espéces. 
homéosmotiques présentent une consommation 
d’oxygéne plus élevée dans les milieux dilués, 
contrairement aux poecilosmotiques, observe 
au cours de ladaptation a Peau de mer diluée 
une augmentation de consommation d’oxygéne 
aussi bien chez le poecilosmotique Perinereis 
cultrifera’ que chez Vhoméosmotique Nereis 
diversicolor, Paugmentation de consommation 
doxygéne étant plus élevée chez Nereis diversi- 
color. Il conclut que Perinereis cultrifera et 
Nereis diversicolor doivent leur euryhalinité au 
méme mécanisme, plus développé chez le 
second, mécanisme qu’il tient pour “a funda- 
mental property of living cells, which has 
become more highly developed in certain 
forms”. On peut proposer une interprétation 
de augmentation de consommation d’oxygéne 
chez les animaux euryhalins mentionnés ci- 
dessus, quwils soient poecilosmotiques ou homé- 
osmotiques, par Vlexistence du mécanisme 
commun de labaissement, dans les milieux 
dilués, de la composante amino-acide intra- 
cellulaire qui limite la pénétration d’eau dans 
les cellules. 

L’abaissement de la composante amino- 
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acide intracellulaire est vraisemblablement 
le résultat d’une métabolisation d’acides ami- 
nés, avec augmentation de consommation 
doxygéne. Le transport actif mis en jeu 
dans losmorégulation du milieu intérieur peut 
évidemment rendre compte d’une autre por- 
tion d’oxygéne consommé, comme c’est le cas 
chez Nereis diversicolor, qui cumule la régulation 
intracellulaire et Vosmorégulation du milieu 
intérieur. 


RESUME 


Deux espéces d’Annélides marines ont été 
étudiées : Perinereis cultrifera, peu euryhaline, et 
Nereis diversicolor, trés euryhaline. Cette diffé- 
ence de degré d’euryhalinité résulte de l’exis- 
tence, chez Nereis diversicolor, d’une osmorégu- 
lation du mileu intérieur, dont les effets 
concourent a compenser la différence de pres- 
sion osmotique entre cellules et milieu extéri- 
eur. Ce mécanisme s’ajoute 4a un autre 
mécanisme présent chez les deux espéces, qui 
met en jeu labaissement de la concentration 
intracellulaire. Chez les deux espéces étudiées, 
la diminution de concentration de la compo- 
sante amino-acide intracellulaire contribue 
pour une part importante a cet abaissement 
de concentration. 


SUMMARY 


Among the two species of marine Annelids 


studied, Perinereis cultrifera and Nereis diversi- 
color, the latter is more euryhaline than the 
former. This is the result of the existence, 
in Nereis diversicolor, of an osmoregulation of 
the internal medium, which concurs towards 
the compensation of the osmotic difference 
between the cells and the external medium. 
This mechanism adds its effects to the lowering 
of the intracellular concentration, a mecha- 
nism common to both species and in which 
the change of concentration of free intracellu- 
lar aminoacids plays an important part. 
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Studies on Bromelain* 


Il. Its Activation and Fractionation 
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Bromelain, a proteolytic enzyme found 
in the juice of the fruit, leaves and stems of 
the pineapple, Ananas comosus (L.) Merr., is 
long known under the name of “bromelin”. 
Its behavior toward activation, inhibition or 
the synthetic substrates has been considered 
to be similar to that of papain (/—5). 

Bergmann and his coworkers (3) found, 
however, phenylhydrazine to inhibit the 
hydrolytic activity of bromelain toward cer- 
tain synthetic substrates but not gelatin. 
They claim there exist two types of protease 
in bromelain. No satisfactory information, 
however, has yet been given on whether or 
not the clotting of milk and the hydrolysis 
of protein and peptide are brought about 
by one and the same enzyme. Masuda (6) 
demonstrated that papain activated by cya- 
nide was apparently inhibited by either DFP** 
or aldehyde reagents, while that by cysteine, 
thioglycolate or hydrogen sulfide was hardly 
affected. Concerning to such properties of 
bromelain no description has so far been 
given. Heinicke and Mori (7) have 
demonstrated the inhibition of bromelain by 
DFP. Recently Murachi-and Neurath 
(8) investigated its activity, chromatographic 


*This work was presented at the Chugoku and 
Shikoku Local Meeting of Biochemical Society, Hiro- 
shima, May 1960 and at the 33rd Annual Meeting 
of the Biochemical Society, Tokyo, November 1960. 


**The abbreviations used are: BAL, 2,3-dimer- 
captopropanol; PCMB,  p-chloromercuribenzoate ; 
DFP, diisopropylfluorophosphate: BAA, benzoyl-L- 
arginine amide; BAOMe, benzoyl-.-arginine methyl 
ester; Bz-pt-Hmarg Am, benzoyl-pL-homoarginine 
amide; Bz-t-Agb Am, benzoyl-L-a-amino-7-guanidino- 
butyryl amide; EDTA, ethylenediamine tetraacetate. 


fractionation and action on glucagon and 
oxidized Fu (9) has also made a 
report on Formosan bromelain. 

The purpose of the present investigation 
was to obtain more detailed information 
about the milk clotting, the hydrolysis of 
protein and synthetic substrates, and the 
optimal condition for the synthesis of hip- 
puryl anilide by bromelain. The electro- 
phoresis and column chromatography of the 
enzyme prepared from the Ananas cultivated 
in Amamioshima and in Formosa have also 
been studied. 


insulin. 


EXPERIMENTAL 


Materials and Methods—For the isolation of the 
enzyme, Greenberg and Winnick’s procedure 
(4) was slightly modified as follows: The pineapple 
juice from Amamioshima*** or Formosa was filtered 
with the aid of the super-cel, and adjusted to pH 
6 with 10% NaOH. The 10% NaCWN solution was 
added to the concentration of 0.02 M and the solution 
was made 40 per cent saturated with respect to 
(NH,). SO,. The resulting precipitate was centrifuged 
and washed with 40 per cent saturated (NH,).SO,. 
The dissolving and precipitation was repeated once 
more and finally the precipitate was redissolved in 
0.02 M NaCN and precipitated by the addition of 3 
volumes of acetone. It was centrifuged, collected on 
followed 
The 
substrates, 
electrophoresis and column chromatography was fur- 
ther dialyzed against ag. dest. 


a Buchner funnel, washed with acetone, 
by ether, and dried in a vacuum desiccator. 
bromelain used for action on synthetic 
overnight at a low 
temperature. 

Gelatin, skim-milk, BAL, PCMB and DFP were 


prepared from commercial products. 


*** The fresh pineapples were mailed by air from 
Amamioshima, for which we are deeply indebted to 
Drs. M. Tsukasa and T. Yasutsu. 
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BAA was a product from Sigma Chemical Com- 
pany. Bz-pt-Arg Am, Bz-pr-Hmarg Am, Bz-.-Lys 
Am, Bz-r-Orn Am, Bz-t-Agb Am and Bz-3-Agb ethyl 
ester were kindly supplied by Miss K. Kitagawa, 
Laboratory of Biochemistry, Faculty of Science, 
Kyushu University, to whom our sincere thanks are 
due. Other synthetic substrates were prepared in 
our laboratory. 

Cellulose powder (300 mesh) was purchased from 
Toyo Roshi Co. and treated with 0.14 anhydrous 
ethanolic hydrochloric acid by the method of Flodin 
and Kupke (J0). CGM-cellulose and DEAE-cellulose 
were prepared from the Toyo Roshi Cellulose powder 
according to the method described by Peterson 
and Sober (//). Hydroxylapatite was 
BiLerme dn els. ef ale (L)e 

Measurement of Enzymatic Actiwity—Milk clotting was 
measured by the ordinary method and the activity 
was indicated by 1/t, where ¢ is the time in minutes 
to produce clotting. Gelatin hydrolysis was measured 
by the alkali titration method of Grassmann and 
Heyde (3). As to the determination of the peptidase 
activity of bromelain, the hydrolysis rates were fol- 
lowed according to Gonway’s micro-diffusion analy- 
sis method (/#4) or Rosen’s ninhydrin method (/5) 
for BAA and other amide substrates, and Hestrin’s 
method (76) for BAOMe and other esters. Proteolytic 
coefficients were estimated from C,=,/e for amide 
substrates and C)=4,/e for ester substrates, where k, 
and &) denote the reaction constant of the first order 
and zero order respectively, i.¢., k;=(1/min.) In 
(100/100—per cent hydrolysis), ky)=(rate of hydrolysis) / 
min., and e is protein concentration in mg. of N per 


prepared 


ml. 

The rate of synthesis of hippuryl anilide was 
estimated by the determination of the disappearance 
of aniline by Korenman and Ganichef (/7). 

The column (1.2 30cm.), packed with ethanolic- 
acid treated cellulose powder in phosphate buffer (pH 
6.8, u—0.1) was used. The electrophoresis was car- 
ried out for 5 hours at 600 volt. current in the same 
buffer at 4°C. 

Column chromatography was carried out essential- 
ly as described by Hirs eé al. for IRC 50 (/8), by 
Ellis and Simpson for cellulose (79) and _ by 
Tiselius etal. for hydroxylapatite (/2). Proteins 
were estimated by Rosen’s ninhydrin method (/5). 


RESULTS AND DISCUSSION 

Effect of Cysteine, Cyanide, BAL and EDTA 
—When cysteine, cyanide or BAL was added 
to the reaction mixture, the enzyme was 
much activated as shown in Fig. | anda full 


activation of the enzyme was obtained with 
cysteine and EDTA. 
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Fic. 1 Effect of cysteine, cyanide, BAL and 


EDTA. (cysteine 0.0054, NaCN 0.01 M/, BAL 
0.01 M@, EDTA 0.001 M/) 
a) Milk clotting: 
cent, temperature 30°C. 
b) Hydrolysis of gelatin: substrate concentration 


enzyme concentration 0.1 per 


2 per cent, enzyme concentration 0.05 per cent, 
1/20 M citrate buffer (pH 5.3), temperature 38°C. 
empty columns 4 hours incubation, full columns 
20 hours incubation. 

c) Hydrolysis of BAA and BAOMe: 
concentration 0.034 mg. V/ml., temperature 38°C, 
empty columns, BAA 0.01 M, pH 5.3, M/20 citrate 
buffers full columns, BAOMe 0.01 M@, pH 7.0, 
M/20 phosphate buffer. 


enzyme 


Effect of pH—The pH activity curves for 
the hydrolysis of gelatin, mugiline {, hippuryl 
amide, BAA ond BAOMe were presented in 
Figs. 2 and 3. —The pH for the optimum 
activity was about 5 for gelatin and hippuryl 
amide, pH 5-7 for BAA and pH 7 for mugi- 
line 8 and BAOMe. 

Effect of Temperature—As shown in Figs. 4 
and 5, the highest activity was obtained 
when incubated at 50°C. 
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buffer, A, A 4 hours incubation, O @, 20 hours 
a) Gelatin: substrate concentration 2 per cent, 
enzyme concentration 0.05 per cent, cysteine 
0.025 M, EDTA 0.001 M, temperature 38°C. 
b) Mugiline £: substrate concentration 0.8 per 
cent, enzyme concentration 0.02 per cent, NaCN 
0.01 M, temperature 38°C. 
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BIG Seem tiitectsot, pr: 
©, M/20 citrate buffer, @, 4/20 phosphate buf- 
fer, enzyme concentration 0.034mg. N/ml., 
temperature 38°C. 
a) Hippuryl amide 0.025 M, BAL 0.01 M. 
b) BAA 0.01 M, BAL 0.01 /. 
c) BAOMe 0.01 M, 


0.001 4. 


cysteine 0.005M, EDTA 


Effect of PCMB, DFP, Hydroxylamine and 
Phenylhydrazine—As shown in Fig. 6 the cya- 
nide-activated bromelain was inhibited by 
PCMB, DFP, hydroxylamine or phenylhydra- 
zine, although it was not so remarkable on 
the milk clotting, while cysteine-activated one 
was hardly inhibited by these reagents. 

Synthesis of Hippuryl Anilide—The experi- 
ment for synthesis of hippuryl anilide was 
carried out substantially as described by 
Doherty and Popenoe (20). As shown 
in Fig. 7 the optimal condition for synthesis of 
hippuryl anilide was in pH 4.4 acetate buffer 
containing 0,005 M cysteine and 0.001 44 EDTA 
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TEMPERATURE (°C) 
Fic. 4. Effect of temperature (milk clotting). 
Enzyme was incubated with cysteine and 
EDTA at each temperature for ten minutes, and 
then incubated with milk (adjusted to pH 5.3) 
at 30°C. Final concentration were 0.1 per cent 
for enzyme, 0.005 M for cysteine and 0.001 M for 
EDTA. 
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Fic. 5. 
drolysis). 


Effect of temperature (gelatin hy- 


Substrate concentration 2 per cent, enzyme 
concentration 0.05 per cent. The mixture was 
incubated in M/20 citrate buffer (pH 5.3), con- 
tained cysteine 0.0025M and EDTA 0.001 ™. 
Temperature 38°C. 


Activation of Bromelain on Various Synthetic 
Substrates—In Table I are summarized C, or 
CQ, and relative rates of hydrolysis of various 
synthetic substrates. BAA and BAOMe are 
the best substrates of papain, which were 
also most intensively hydrolyzed by bromelain. 
The hydrolysis took place at 0.01 MZ initial 
concentration of substrates in decreasing order 
as follows: BAA>p1-BAA>pi-Hmarg Am 
> Bz-L-Orn Am >Bz-.-Lys Am >Bz-t-Agb Am. 
The hydrolysis of hippuryl amide was 
not so intensive, yet significant enough, and 
this result, however, was at variance with 
that reported by Bergmann and Fruton 


Bromelain 535 


50+ 


PER CENT INHIBITION 


* Cysteine NaCN Cysteine NoCN Cysteine NoCN Cysteine NoCN 
PCMB OFP Hydroxylamine — Phenylhydrazine 
Fic. 6. Effect of PCMB, DFP, hydroxyl- 

amine and phenylhydrazine. 

(cysteine 0.005 M, NaCN 0.01 4“, PCMB 0.0001M, 

DFP 0.01M, hydroxylamine 0.005 M, 

hydrazine 0.005 M) 

a) Milk clotting: enzyme concentration 0.1 per 


phenyl- 


cent, temperature 30°C. 

b) Hydrolysis of gelatin: substrate concentration 
2 per cent, enzyme concentration 0.05 per cent, 
1/20 M citrate buffer (pH 5.3), temperature 38°C, 
empty columns, 4 hours incubation: full columns, 
20 hours incubation. 

of BAA and BAOMe: 
concentration 0.034 mg.N/ml., temperature 38°C. 
empty columns, BAA 0.01M, pH 5.3, M/20 
citrate buffer, full columns, BAOMe 0.01 M pH 
7.0, 14/20 phosphate buffer. 


c) Hydrolysis enzyme 


(3) who indicated that hippuryl amide had 
not been hydrolyzed by the enzyme. As 
shown also in Table I the relative rate of 
hydrolysis by bromelain is comparable with 
that of papain. In general, both enzymes 
have a similar specificity toward the synthetic 
substrates. 

Electrophoresis and Column Chromatography— 
The paper electrophoregrams of bromelain 
are shown in Fig. 8. Only one band appeared 
in Amamioshima bromelain, while two bands 
in Formosan one, although traces of the in- 
soluble substances remained at the starting 


line. The activities of both bands in For- 


TIME (hours ) 
Fic. 7. Synthesis of hippuryl anilide. 
Substrate concentration 0.4M, enzyme con- 
centration 0.8 per cent, temperature 38°C. 
A, no activator, pH 5.3, O, 0.C1M NaCN, 
pH 5.3, x, 0.01 M NaCN, 0.001 M EDTA, pH 
5.3, (1, 0.005 M cysteine, pH 5.3, @, 0.005 M 


cysteine, 0.001! EDTA, pH 5.3, a, 0.0051 
cysteine, 0.001 M EDTA, pH 4.4. 
CRO UES EAE OS 
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regram of bromelain 


Fic. 8. Paper electropho 
from Amamioshima (a) and from Formosa (b). 
(Veronal buffer, pH 8.6, u=0.1, 15 volt./cm. at 
4°C for 6 hours) 


mosan bromelain were measured on the 
respective eluate and found that the activity 
of the band moved further to anode is 2 or 
3 times higher than that in the another band. 

Fig. 9 shows the elution diagrams of the 
zone electrophoresis carried out with dialyzed 
One ml. buffer solution contain- 
ing 5mg. enzyme was applied. Three peaks 
were found as shown in the diagram and 
the activity of the milk clotting and BAA- 
hydrolysis was recognized only in the second 
peak. 

Column chromatography was carried out 
with IRC 50 and presented in Fig. 10. The 
enzyme activity was found in the non-adsorb- 
ed fraction of both Formosan and Amami- 
oshima bromelain. In the eluate with 0.2 4 
buffer no activity was recognized. The same 
pattern was also obtained with CM-cellulose. 
As. shown in Figs. 11 and 12, the column 


bromelain. 
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Action of Bromelain on Synthetic Substrates 
| 
Relative rate of hydrolysis Relative rate” of hydro- 
Substrate C; by bromelain lysis by papain 
BAA 0.180 100 100 
pL-BAA 0.140 81.1 57 
Bz-pt-Hmarg Am | 0.092 lai 107 
Bz-LAgb Am | @@si7/ 20.6 22 
Bz-L-Orn Am 0.090 50.0 76 
Bz-t-Lys Am 0.081 — 45.0 79 
Bz-Lt-His Am 0.009 | 5.0 9.2 (Cbz-) 
Bz-L-Phe Am 0.000 0 a 
Hippuryl Am 0.011 6.1 2 
| 
t-Leu Am 0.001 0.6 | B.8) 
Cy 
BAOMe 0.216 100 100 
Bz-L-Agb OEt 0.039 | 18.1 | 10 
Bz-L-His OEt | 0.077 | 35.6 | - 
Substrate concentration, 0.01 M@ with respect to the L-isomer : enzyme concentration 
0.0324 mg. N/ml.: cysteine 0.005 M, EDTA: 0.001 M. The mixture was incubated in 
pH 5.3, M/20 citrate buffer for amide substrates or in pH 7, M/20 phosphate buffer 
for ester substrates, at 38°C. 
1) Calculated from the results of Smith (23) and Izumiya et al. (21, 22). 
> o b 
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Fic. 9. Zone electrophoretic patterns of bro- 
melain from Amamioshima (a) and from Formosa 
(b). 

(cellulose column 1.2 30cm., phosphate buffer, 
v=0.1, pH 6.8, 600 volt. 5 hours) 

O, BAA hydrolysis 

The activities are shown on arbitrary scales. 


@®, milk clotting 


chromatograms with hydroxylapatite and 
DEAE-cellulose showed activity in the fraction 
eluted with 0.1 or 0.24 phosphate buffer, 
however in the non-adsorbed 
fraction, which showed a strong ninhydrin 
reaction, especially when the hydroxylapatite 


no activity 
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Fie. 10: 
lain from Amamioshima (a) and from Formosa 
(b) with IRC 50. 

(0.9 30 cm., phosphate buffer, pH 6.8) 
O, BAA hydrolysis 
The activities are shown on arbitrary scales. 


Column chromatograms of brome- 


@, milk clotting, 


was used. Possibly the enzyme was partly 
destroyed. In column chromatography, there 
was no great difference between Amamioshima 
and Formosan bromelain such as was seen 
in paper chromatography. 


Bromelain 


(at 570 my) 


OPTICAL DENSITY 


Be@C® h ZEN, ~ 
10 20 30 40 50 60 70 
= 0.001 M—< 0.1 M><— 0.2 MW—— 
Fre. 11. Column chromatogram of bromelain 
from Formosa with hydroxylapatite. 
(0.915 cm., phosphate buffer, pH 6.8) 
@, milk clotting 0, BAA hydrolysis 
‘The activities are shown on arbitrary scales. 


SUMMARY 


1. Milk clotting and the hydrolysis of 
protein and synthetic substrates by means of 
bromelain were tested. 

2. These actions were stimulated by 
cysteine, cyanide or by BAL. The full activa- 
tion was obtained with cysteine and EDTA 
at 50°C. 

3. Bromelain activated by cyanide was 
inhibited by PCMB, DFP, hydroxylamine or 
phenylhydrazine, while that by cysteine was 
hardly inhibited by the above reagents. 

4. The optimal condition for the syn- 
thesis of hippuryl anilide was determined. 

5. Among various synthetic substrates 
tested benzoyl-L-arginine amide and benzoyl- 
L-arginine methyl ester were found to be 
most rapidly hydrolyzed. 

6. The electrophoresis and column chro- 
matography of bromelain from Amamioshima 
and from Formosa were studied. 
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Since Fricke and Peterson (/) have 
found that hemoglobin was converted to 
methemoglobin by X-ray irradiation, much 
attention has been paid for the oxidation or 
decomposition of heme moiety of hemoglobin, 
by using large dose irradiation (2-4). How- 
ever, very little is known about the effect of 
irradiation on the function of hemoglobin. 

It is generally accepted that sulfhydryl 
enzymes have high susceptibility to ionizing 
radiations and are often inactivated by small 
dose irradiation (5-7). Hemoglobins are 
known to have sulfhydryl groups in their 
molecules which play an important role in 
the oxygen equilibrium (89) and in the 
oxidase activity (/0). It has also been reveal- 
ed that the functions of hemoglobin easily 
change by the treatment with -chloromer- 
curibenzoate (PCMB) (8-10), sodium benzoate 
(11), urea (12) etc. without any detectable 
change in the absorption spectra. Therefore, 
it may well be expected that when hemoglo- 
bin is irradiated in less doses than oxidation 
or decomposition of the molecule occurs, the 
functions of hemoglobin may alter even 
without any significant change in the absorp- 
tion spectra. The authors intended to study 
the effect of X-ray irradiation on ethyliso- 
cyanide (EIC) equilibrium of hemoglobin 
which is comparable to the oxygen equili- 
brium of the pigment (2). The equilibrium 
system with EIC can be studied even with 
possible contamination of methemoglobin. 


EXPERIMENTAL 
Materials—a) Horse oxyhemoglobin was crystallized 
by the Heidelberger’s method with slight modi- 
fication by one of the authors (13). The crystalls 


were washed several times by chilled water until the 
clear red supernatant showed no catalase activity and 
were finally dissolved in 0.1 M phosphate buffer (pH 
6.5) except where noted otherwise. This crystalline 
preparation was stored in an ice-box and was used 
for the experiment within a week. 
b) Horse methemoglobin was 
oxyhemoglobin solution by addition of potassium fer- 
ricyanide and dialyzed against distilled water in a 
refrigerator until ferricyanide was completely removed. 


prepared from 


c) Crystalline horse metmyoglobin was prepared 
from horse heart muscle by the method of Tsushima 
et al. (14). 
was dissolved in distilled water and dialyzed against 
water with stirring at cold, until no ammonium sul- 


The crystall, collected by centrifugation, 


phate was detected. 

d) Human blood catalase was crystallized four 
times after Herbert and Pinsent (J5). The 
crystall was dissolved in water and dialyzed completely. 
Kat f of this preparation was 42,000. 

e) Ethylisocyanide (EIC) was synthesized from 
ethyl iodide and silver cyanide by the method of 
Gautier (/6) and stored at —20°C before use. 

f) Reduced glutathione was furnished by Kirin 
Beer Co. Ltd. -Chloromercuribenzoate (PCMB) was 
purchased from Daiichi Kagaku Co. Ltd. These 
preparations were used without further purification. 
All other chemicals were reagent grade materials. 

Experimental Methods—a) X-ray irradiations were 
performed by the use of KXC 18 X-ray machine of 
Toshiba Co. Ltd. of 150 kv peak, 5mA, with a 5mm. 
Al and a 10mm. Cu filter. One hundred ml. of 
7X107° M oxyhemoglobin solution was irradiated at a 
dose rate of 250r/min. aerobically in an ice bath at 
orc. 

b) Photo-oxidation was performed according to 
Weil ef al. (17). One hundred ml. of 7x10-°M 
oxyhemoglobin solution was illuminated by 200 W 
tungsten lamp at a distance of 20cm. in the presence 
of 2.67 mg./dl. methylene blue, aerobically. The 
temperature of the solution was approximately 22°C 
throughout the illumination. 
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c) EIC binding reactions of hemoglobin and 
myoglobin were carried out at room temperature of 22- 
25°C. The irradiated hemoglobin solution was diluted to 
4.67x10°°M. To 10ml. of this solution 5ml. of 
appropriate concentration of EIC solution was added. 
An aliquot of this mixture was reduced by a minimum 
amount of sodium dithionite powder in a cuvette and 
covered with liquid paraffin. 

d) Concentration of hemoglobin and myoglobin 
were estimated by alkaline denatured globin hemo- 
chrome method (78) and cyanide-metmyoglobin method 
(19) and were expressed in terms of their hematin 
content. 

e) Optical determinations were made at room 
temperature of 22-25°C by use of EPV Model II 
photoelectric spectrophotometer of Hitachi Co. Ltd. 
and a cuvette of 10mm. depth. 

f) Hydrogen ion 
by a glass electrode pH meter of Toyo Rika Co. Ltd. 


concentration was estimated 


RESULTS 


Binding Reaction of EIC with Hemoglobin— 
When EIC was added to reduced hemoglobin, 
the absorption spectrum was converted to that 
of EIC-hemoglobin (/2). In the present study, 


¥ 
| 


OPTICAL DENSITY 
si 


460 440 420 400 380 
WAVELENGTH (mp) 


Fic. 1. Change of absorption spectra of 
hemoglobin by EIC binding. 

Concentration of hemoglobin: 3.11x107° 
Concentration of added EIC: I. 0M, II. 
Sele ol Omer (wet leede2~<cLOn= Aine IVew 200°< 10s 1, 
V. 6.1x10-4 M, VI. 2.5x10-3 M and 3.1x10-3 M. 


pH 6.5. 


bog. 


the absorption change of hemoglobin by EIC 
addition was measured in the region of Soret 
band. Fig. 1 shows this change at pH 6.5. 
The presence of isosbestic points at 433 and 
420my throughout the absorption change 
indicates that the reaction system is composed 
of two components optically. The fractional 
saturation of EIC for hemoglobin (Y) was 
calculated from the optical change at 428 mp, 
where the difference was maximum, using 
following equation: 


where Ex is the extinction measured, and Eo 
and E are the optical density of reduced 
hemoglobin and EIC-hemoglobin at 428 mp, 
respectively. 

As may be seen from the curve I of 
Fig. 2, the plot of Y against logarythmic 
concentration of free EIC (not combined to. 
hemoglobin) gives a symmetric sigmoid curve. 
The observed values are in good agreement 
with a theoretical equilibrium curve of n=2.4 
in Hill’s equation (20): 

ele 

SEI 
K, p and n represent equilibrium constant, 
oxygen pressure (free EIC concentration in 
this case) and sigmoid coefficient, respectively. 
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oe 10° 
CEIC] (mM) 
Change of EIC equilibrium curve 
caused by X-ray irradiation. 
Concentration of hemoglobin at irradiation : 
7x10-§ M, Radiation doses: I. Or (0), II. 1,400r 


HiGa. 


(0.4), ILI. 2,800r (0.55), IV. 4,200r (0.75), V. 
6,720 r (1.0) and 8,400 r (1.0), 

Numbers in parenthesis stand for the ratios 
of modified hemoglobin to total hemoglobin (x). 
pH 6.5. 
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Effect of X-ray Irradiation on the Soret Band 
of Hemoglobin—On X-ray irradiation, the 
optical density at 414my of oxyhemoglobin 
decreased in parallel with irrdiation doses, as 
previously reported by Barron et al. (4). 
However, the optical density at 430 my of 
reduced hemoglobin also decreased, when 
measured after reduction with sodium 
dithionite, as may be seen from Fig. 3. Since 
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Fic. 3. Effect of X-ray irradiation on the 


Soret band of hemoglobin. 
—@®— Oxyhemoglobin (414 mp) 

—O— Reduced hemoglobin (430 mp) 
Hemoglobin concentration at irradiation : 
7x10-§ M. Hemoglobin concentration at estima- 

tion: 5x10-° M. pH 6.5. 


methemoglobin should be reduced to hemo- 
globin by addition of sodium dithionite, these 
facts suggest that hemoglobin was oxidized 
not only to methemoglobin but also partially 
to an unknown breakdown product by irradia- 
tion. The decomposition of hemoglobin 
reached 9 per cent at a radiation dose of 
4200r. However, when EIC was added to 
this irradiated hemoglobin, the change of 
absorption spectrum was almost similar to 
those of non-irradiated hemoglobin, although 
two isosbestic points at 433 and 420my were 
shifted about Imy to longer and_ shorter 
wavelength respectively on irradiation of 
6720r. Therefore, the EIC equilibrium of 
irradiated hemoglobin, could be studied 
similarly to and compared with that of native 
hemoglobin. The results are summarized in 
Fig. 2. This figure shows that the EIC equi- 
librium curve of hemoglobin gradually shifted 
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to the left with the increase of radiation 
doses, and that the curve became assymmetric 
as well. With a radiation dose of about 
6,000r, the curve became symmetric again, 
the sigmoid coefficient being then n=1.0. 
Any change of the equilibrium curve was 
not observed by further irradiation. 

It is obvious from this fact that heme- 
heme interaction of hemoglobin was comletely 
lost and at the same time EIC affinity of 
hemoglobin increased intensively from 1 x 10¢ 
to 8x10-® in Y;, (half saturated EIC con- 
centration), on irradiation of about 6,000r. 
As shown in Fig. 4, hemoglobin which had been 
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io 


10° 


Fic. 4. pH dependence of Y,;) in EIC bind- 
ing reaction. 

—@W— Native hemoglobin 

— Ow Irradiated hemoglobin (irradiation was 
carried out at pH 6.5) 

Hemoglobin concentration at irradiation : 
7X10-§ M. Radiation dose: 7,200 r. 


irradiated to this ultimate state, showed no pH 
dependence of Y;, in EIC binding reaction 
which is well known in the native hemoglobin 
as Bohr effect (27). The same fact has been 
reported by one of the authors (/2) on urea 
denaturation of horse hemoglobin. It seems 
thus to be most probable that the change in 
EIC equilibrium curve of X-ray irradiated 
hemoglobin is due to the modification of 
protein moiety of the pigment, but not of 
the prosthetic group. 

Assuming that the modification of globin 


X-Ray Irradiation on Hemoglobin 


by irradiation arises from a single reaction 
without any intermediate step, concerning 
EIC equilibrium at least, it can be deduced 
that the asymmetry and the leftward shift 
of equilibrium curve are resulted from the 
concomitant presence of native and modified 
hemoglobins. Hence, the EIC equilibrium 
curve of a mixture of native and modified 


hemoglobin may be represented theoretically, 
as follows: 


K,(EIC}?.4 


: K,[EIC) 
1+K,(EIC}:.*" 


ie ig i ey alae 
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where, K; and K, are the equilibrium con- 
stants of the EIC binding reaction of native 
and modified hemoglobins, which are calcu- 
lated to be 3.98109 and 1.25x10° from 
Veg 10 <10* and Y7,=—¢.0x 10° of curves I 
and V in Fig. 2, respectively. ‘x’ denotes 
the ratio of modified hemoglobin to total 
hemoglobin. Full circles in Fig. 2 represent 
the estimated values at a definite radiation 
doses, and coincided well with the theoretical 
curves (full lines), calculated from equation 1. 

This fact strongly support the above 
assumption, that is, native hemoglobin may 
be converted to a modified state by irradia- 
tion with one step reaction, at least with 
respect to EIC binding properties. 

Fig. 5 shows the relation of radiation 
doses and the modification per cent of hemo- 
globin by irradiation. ‘The modification per 
cent is calculated by following equation: 


x 100 


Modification % = a 
—a 


where ‘x’ and ‘a’ stand for the ratios of 
modified hemoglobin to total hemoglobin 
in irradiated and non-irradiated samples. In 
dilute solution, hemoglobin is easily modified, 
even at 4-5°C in a refrigerator. As may be 
seen in Fig. 6, the EIC equilibrium curve of 
hemoglobin became asymmetric by aging and 
was shifted to the left as well as by X-ray 
irradiation. Similar phenomenon is observed 
in oxygen equilibrium of hemoglobin by 
Kubo eal. (2) and Takashima (23). 
Therefore, the preexisting amount of the 
modified hemoglobin by aging should be 
subtracted from the observed value in order 
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to calculate the modification per cent by 
irradiation. 
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cent to radiation doses. 
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Modification: “7 C -O-- Methemoglobin 
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Total hemoglobin concentration at irradiation : 
7x10-§ M, pH at irradiation: 6.5. 
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Fic. 6. 
brium of hemoglobin. 

—@— 0 time (0), =©6— LOvhourss(OL); 
—A-— 2 days (0.25), = On days!(0,30); 
—[\— 13 days (0.4), at 4°C. 

Numbers in parenthesis stand for the ratios 
of modified hemoglobin to total hemoglobin. 

Concentration of hemoglobin: 7x 10-° M, 
pH 6.5. 


Effect of aging upon the EIC equili- 


Modification per cent thus obtained were 
plotted against radiation doses. The modi- 
fication per cent increased almost linearly up 
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to 6,000r and did not increase by further 
irradiation. 

Representing the increase of EIC affinity 
of hemoglobin by —Alog Ys, which is the 
difference of log Y;) between the irradiated 
sample and the control, the affinity was 
proved to be augmented by irradiation, as 
may be seen from Fig. 95. 

As shown in Fig. 5, when methemoglobin 
was irradiated, the modification per cent and 
EIC affinity of the pigment in reduced state 
also rised as in the case of hemoglobin, 
although the rise was relatively small. 

Myoglobin also combined with EIC, as 
previously reported (J2). The sigmoid coefh- 
cient of equilibrium curve, n, was 1.0 and Y5o 
was 8.0 x10° in the present. study. “These 
facts show that myoglobin has no heme-heme 
interaction and has a high affinity for EIC. 
X-ray denatured hemoglobin completely 
coincided with native myoglobin in these 


respects. As illustrated in Fig. 7, the EIC 
1.0 
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Fic. 7. Effect of X-ray irradiation on the 


EIC equilibrium curve of myoglobin. 
Os Wamrol, << Buses, tele ashe, 
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@: 3,402 r, 


equilibrium curve of myoglobin obtained by 
reduction of irradiated metmyoglobin was 
the same to that of native myoglobin (refer 
also to —Alog Ys. in Fig. 5). 

Effect of Hemoglobin  Concentration—After 
hemoglobin was irradiated at various con- 
centrations, the solutions were diluted to the 
same concentration as above. Fig. 8 shows 
the results obtained at constant radiation 
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doses. The modification per cent and —Alog 
Y5) of hemoglobin decreased almost exponen- 
tially, in proportion to the concentration of 
hemoglobin. 
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Fic. 8. Dependence of radiation effect on 
hemoglobin concentration. 


—A— Modification % / 
IN ch 4,200 r, pH 6.5 


—@— Oxidation %: 50,000r, pH 7.0 (Barron 
et al. (4)). 


Effect of Hydrogen Ion Concentration—Hemo- 
globin was irradiated at various pH. The 
resulted solutions were adjusted to pH 6.5 by 
addition of appropriate concentration of HCl 
or NaOH solutions and diluted to previously 
mentioned concentration. The results were 
shown in Fig. 9. The modification per cent 
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Fic. 9. Effect of pH at irradiation on modi- 


fication of hemoglobin. 
—O— Modification per cent, —@®— —Alog Yoo 
Hemoglobin concentration at irradiation : 
7x10-§ M. Radiation doses: 4,200 r. 
EIC binding reactions were carried out after 
pH of irradiated samples were adjusted to 6.5. 
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and —Alog Ys9 were independent of pH in 
the range of pH 5.5-8.0. Slight augmenta- 
tions tend to occur in more acidic range. 

Effect of Protective Substances—When hemo- 
globin was irradiated in the presence of some 
protective substances, the change of EIC 
equilibrium curve reduced remarkably. Re- 
presenting protection per cent (or restoration 
per cent) by P, it can be calculated from 
following equation : 


p= AB x 100 (%) 

where A and B are the modification per cent 
of irradiated samples in the absence and 
presence of additions, respectively. The 
results obtained are listed in Table I. 

Addition of catalase protected hemoglobin 
from irradiation by 20 per cent. This value 
suggests the degree of participation of hydro- 
gen peroxide upon the modification of hemo- 
globin by irradiation, which is generated from 
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before irradiation completely protected hemo- 
globin, whereas after irradiation it restored 
the modification of hemoglobin by only 41 
per cent. 

It is well known that heme-heme interac- 
tion of hemoglobin reduced markedly on 
addition of 2 moles of PCMB per mole of 
hemoglobin and reversed on addition of re- 
duced glutathione (5). Thus, hemoglobin was 
first irradiated in the presence of PCMB, 
blocking the sulfhydryl groups of hemoglobin 
and thereafter, reduced glutathione was added 
to this solution in order to release the 
blockade. The protection per cent of PCMB 
for radiation effect was calculated to be 69 
per cent. 


Decomposition of Irradiated Hemoglobin by 
Coupled Oxidation—Hemoglobin is known to 
decompose autocatalytically to verdohemo- 
globin through an intermediate choleglobin 
in the presence of ascorbic acid and mole- 


water. Reduced glutathione when added cular oxygen, as reported by Kaziro é¢ al. 
TABLE I 
Effect of Protective Substances 
ae Concentration = Ratio» of modification Modification % Protection or 
Addition atianonkeati >. oS 3 | by irradiation” | Restoration? 
non-irrad. irrad. 
None — 20 75 70 (A) | = 
Catalase 2.5 mg./dl. 10 60 56 (B) | 20 
| Before 6.3x 10-2 M 0 | 0 ghee AE aa100 
ee ae irradiation | I : 
glutathione Far ; ees | | | ba 
Had ation BiB 10 aet A> | ig bee 
} | | + Die ay ow 
| 3.6x10-°M | 
; reas | 10 10 | 22 (B) 69 
Reduced glutathione — 6.3x10-? MP | 


| 
| 


Radiation doses: 4,200r, pH 6.5 
1) Ratio of modification=x 


2) Modification % by irradiation= i= x 100 


: A—B 
3) Protection or Restoration 7 = ens 


Concentration of hemoglobin at irradiation: 7xX10-° M. 


4) Reduced glutathione was added before and after irradiation. 
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(24). In this reaction system, the addition of 
PCMB accelerated the decomposition of 
hemoglobin, owing to the increase of oxidase 
activity (10). Therefore, it is anticipated that 
the decomposition rate of hemoglobin may 
increase by irradiation, because the sulfhydryl 
groups seem to play a role in the modifica- 
tion of hemoglobin on irradiation. The de- 
composition rate of irradiated hemoglobin 
was estimated by the decrease of optical 
density at 425my, which is a peak of the 


Soret band of alkaline denatured globin 
hemochrome (Fig. 10). However, no signifi- 
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Fic. 10. Effect of X-ray irradiation on the 
decomposition rate of oxyhemoglobin. 

Oxyhemoglobin: 7<10-§ M, 4.9 ml. (pH 6.5): 
Ascorbic acid (neutralized) 2.5x 10-2 M, 0.1 ml. 

The reaction mixture was incubated at 37°C. 
At appropriate time interval, the reaction was 
stopped by addition of 2.5ml. of 4% NaOH and 
a minimum amount of Na.S.O,. After standing 
for 30 minutes at room temperature, 
density at 425 my was estimated. 

—@— Control, —OW— Irradiated (4,200 r) 


optical 


cant difference of the decomposition rate 
between irradiated and non-irradiated hemo- 
globin was detected. 
Photo-oxidation—Hemoglobin was _ photo- 
oxidized after Weil e¢ al. (/7) in the presence 
of methylene blue. The EIC equilibrium 
curve of oxidized samples were illustrated in 
Fig. ll. The results show the decrease of 
heme-heme interaction and increase of EIC 
affinity as in the case of X-ray irradiation. 
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Fic. 11. Effect of photo-oxidation on the 
EIC equilibrium curve of hemoglobin. 

100 ml. of 7x10-§ M oxyhemoglobin solutions 
were illuminated by 200 W tungsten lamp at a 
distance of 20cm. in the presence of 2.67 mg. 
methylene blue, aerobically. Illumination time: I; 
control (0.2), II; 1 hour (0.45), III; 3 hour (0.9). 

Numbers in parenthesis stand for the ratios 
of modified hemoglobin to total hemoglobin. 


DISCUSSION 


It is generally accepted that the action 
of ionizing radiation on enzyme or protein 
in solution is due to the secondary effect of 
free radicals and peroxide which are generated 
from water molecule. Formation of methemo- 
globin and unknown green product from 
hemoglobin on irradiation were also believed 
to be caused by the action of these oxidizing 
groups (/-4). As shown in Fig. 3, slight. de- 
crease of optical density of oxyhemoglobin 
at 414my was observed on_ irradiation. 
Similar results were obtained, when the ir- 
radiated samples were reduced by sodium 
dithionite. The optical density at 430 my of 
reduced hemoglobin also decreased, as may 
be seen from Fig. 3. This fact suggests that 
oxyhemoglobin was oxidized not only to 
methemoglobin but also to an unknown 
breakdown product to some extent by irradia- 
tion, because methemoglobin should be quan- 
titatively reduced to hemoglobin by sodium 
dithionite. Barron é al. (4) reported that 
the optical density of oxyhemoglobin at 
414 my decreased by 10.17 per cent and 94.2 
per cent on irradiation of 10,000r and 100,000 r, 
respectively. In the present study, the decrease 
of 10.6 per cent was observed on irradiation 
of 6,720r. On the other hand, the function 
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of hemoglobin in combining EIC was changed 
maximally, even with such a relatively small 
change in the absorption spectrum. In this 
state, the heme-heme interaction and the 
Bohr effect of hemoglobin has completely 
disappeared, whereas EIC affinity augmented 
notably. It seems to be of great interest, that 
this modified hemoglobin posesses quite simi- 
lar characteristics to myoglobin in respect to 
their function in combining EIC. However, 
whether hemoglobin molecule dissociated to 
subunits or not, remains obscure. Similar 
results have been obtained on hemoglobin 
solution with urea (/2) or mersalyl (8). ‘There- 
fore, above mentioned functional change of 
hemoglobin is apparently due to the modifi- 
cation of its globin moiety, though the possi- 
ble dissociation of the molecule to subunits 
being unexcluded. On the other hand, there 
exist also some hemoglobin molecules in 
which hemes were oxidized or decomposed, 
even on an irradiation below 6,720r, the 
amount of which, however, can safely be 
neglected in the present study. Isosbestic 
points could clearly be demonstrated in the 
absorption change of irradiated hemoglobin 
following with EIC combination. ‘The au- 
thors presented the equation | theoretically, 
assuming that hemoglobin undergoes some 
kind of modifications on the globin moiety 
by X-ray irradiation. The results obtained 
were in good agreement with the theoretical 
curve derived from this equation. The as- 
sumption may be supported by an analogous 
observation in experiments on the irradiation 
of methemoglobin. 

In general, sulfhydryl enzymes have high 
sensibility to ionizing radiations. Hemoglo- 
bins are well known to have sulfhydryl groups 
in their molecules. When the sulfhydryl 
groups of hemoglobin are blocked by PCMB 
etc., the function of hemoglobin changes 
profoundly (8-10). It is presumed from these 
facts the functional modification of hemo- 
globin by irradiation may be a result of an 
oxidation of sulfhydryl groups by free radi- 
cals and peroxide which are generated from 
water molecule. In fact, metmyoglobin which 
has no sulfhydryl groups, did not show any 


significant change in EIC equilibrium on 
irradiation (Fig. 5 and 7). Addition of reduced 
glutathione before irradiation completely pro- 
tected hemoglobin from radiation effect 
(Table I). These facts support the validity 
of above mentioned presumption. By Dale 
et al. (25) the protective action of reduced 
glutathione or cysteine on catalase from ir- 
radiation was assumed to be due to the for- 
mation of inactive complexes with hematin. 
In the case of hemoglobin, however, reduced 
glutathione seems to protect the oxidation 
of sulfhydryl groups in globin molecule, 
because sulfhydryl compounds cannot com- 
bine with ferrous heme. Addition of reduced 
glutathione after irradiation restored the 
activity of hemoglobin by only 41 per cent, 
differing from that of before irradiation. The 
fact implies that addition of glutathione after 
irradiation restored the function of hemoglo- 
bin only partly by reducing the oxidized 
sulfhydryl groups in globin molecule. Ap- 
parently, the secondary modification of hemo- 
globin structure, which is resulted from the 
oxidation of sulfhydryl groups, cannot be 
restored by glutathione. It was also revealed 
that the addition of PCMB protected hemo- 
globin from irradiation by 69 per cent, 
blocking two sulfhydryl groups per one mole- 
cule of hemoglobin. These results suggest 
that the oxidation of sulfhydryl groups in 
hemoglobin molecule play an important role 
for the modification of hemoglobin by X-ray 
irradiation. 

It should be noted, however, that other 
amino acid residues than sulfhydryl groups 
can also be attacked by free radicals or 
peroxide on ionizing radiation. For example, 
imidazole nucleus of histidine is known to 
decompose with high ionic yields by irradia- 
tion (26, 27). Therefore, the authors investi- 
gated the function of photo-oxidized hemo- 
globin, in which imidazole nucleus of histidine 
is decomposed. The results obtained were 
quite similar to those of X-ray irradiated 
hemoglobin. Consequently, the decomposition 
of histidine may possibly be an additional 
factor of hemoglobin modification on X-ray 


irradiation. However, this assumption seems 
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to have less validity, in consideration of the 
fact that metmyoglobin molecule was not 
affected by X-ray irradiation, although the 
molecule contains histidine residues. 

From the experiment on coupled oxida- 
tion of hemoglobin with ascorbic acid, it is 
clear that the modification of hemoglobin on 
irradiation is not caused merely by oxidation 
of sulfhydryl groups in the molecule. The 
decomposition rate of X-ray irradiated hemo- 
globin in this reaction showed no significant 
difference with non-irradiated hemoglobin 
(Fig. 11). From all these facts, it is deduced 
most probably that the modificaticn of hemo- 
globin by X-ray irradiation is caused mainly 
and primarily by oxidation of sulfhydryl 
groups in the globin molecule and followed 
by the secondary modification of protein 
conformation. 


SUMMARY 


Horse hemoglobin was irradiated by X- 
ray. Ethylisocyanide (EIC) binding reaction 
of irradiated hemoglobin was investigated. 

1. From the EIC equilibrium, it was 
elucidated that the heme-heme interaction 
and the Bohr effect of hemoglobin decreased 
remarkably, whereas EIC affinity increased 
intensively on irradiation. 

2. Radiation effect incrersed in propor- 
tion to the radiation doses, the modification 
of hemoglobin being at its maximum state 
on the radiation doses exceeding 6,000r. In 
this state, the function of hemoglobin was 
quite similar to that of myoglobin which has 
no heme-heme interaction, no Bohr effect, 
and a high EIC affinity. 

3. These changes in the EIC binding 
function of hemoglobin seem to be due to 
the modification of the globin moiety. The 
observed leftward shift and the asym- 
metric figure of the EIC equilibrium curve 
was explained by the mixed system of two 
components, native and modified hemoglobin. 
The theoretical equation for EIC equilibrium 
curve of a mixed system was proposed. The 
results obtained were in good agreement with 
the theoretical curve. 

5. Myoglobin, when irradiated in its 
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ferric state, showed no change on the EIC 
equilibrium curve as compared with that of 
native myoglobin, whereas irradiated methe- 
moglobin gave a similar change as in the 
case of oxyhemoglobin. 

6. Catalase protected hemoglobin from 
irradiation by 20 per cent. Addition of 
glutathione before irradiation protected hemo- 
globin completely, although after irradiation 
restored only by 41 per cent. PCMB protect- 
ed hemoglobin by 61 per cent. 

7. Irradiation did not accelerate the de- 
composition rate of hemoglobin to verdohemo- 
globin. 

8. The possible role of sulfhydryl groups 
on the modification of hemoglobin by irradia- 
tion was discussed from these results. 
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High-Voltage Paper Electrophoresis of Iodine-Containing 
Compounds in Thyroid Gland* 


By SHo Miyamoto and Tsunezo Kopayasul 


(From the Department of Biochemistry, Tokyo Medico-Dental University, and 
Japan Red Cross Central Hospital, Tokyo) 


(Received for publication, February 28, 1961) 


Advances in radioisotopic technique and 
paper chromatographic method brought 
about progress in the biochemistry of thyroid 
gland in recent years. 

In these years) Miyamoto and his 
collaborators (J) improved the high-voltage 
paper electrophoresis (HVPE) apparatus of 
Heilmeyers perpendicular type (2) to 
the horizontal type and applied it to the 
separation of various kinds of biological 
substances of lower molecular weight. 

One of the collaborators (Takahashi 
(3)) determined the relative mobility of those 
compounds in term of Riys (mobility ratio in 
respect to L-lysine) by running HVPE in 
acidic buffer (5% formic acid-15% acetic acid, 
pH at about 1.5). It was suspected later, 
however, whether or not a sole ninhydrin-posi- 
tive band in acidic HVPE pattern of thyroxine 
actually represented undecomposed thyroxine 
itself, because its radioautogram showed only 
a faint band of I**! at the place of ninhydrin- 
positive band, but it produced a thick, 
intensive black band of I!*! at a very low 
mobility. ZVPE in acidic buffer seemed 
thus inadequate, at least, for thyroxine 
because of its possible degradation (4). 

It seemed of interest, therefore, to run 
HVPE alternatly in alkaline buffer. The 
results of HVPE in borate buffer of pH 10.8, 
including the establishment of optimum pH, 
and radioautographic procedures by the aid 
of NaI! for the determination of relative 
mobilities of thyroxine-related compounds, 
are presented in this paper. 


* A part of this work was published in Geka-no- 
Ryoiki, 9, 1 (1960) 


EXPERIMENTAL 


Apparatus—A high-voltage paper electrophoresis 
apparatus, model FE 105 (Fuji Medical Instrument 
Co.) designed by Miyamoto et al. (1) was employed. 
This horizontal type of HVPE apparatus was proved 
not only better than the vertical type of Heilmeyer 
(2) in producing a highly equal potential field all 
over the filter paper but was found to have a more 
efficient cooling during HVPE through the coolant 
(n-hexane) than other horizontal type of instrument 
equipped with cooling coils. 

Materials—Reagents: (a) Borate buffers, ranging 
from pH 8.6 to 11.9, were prepared by adding NV 
sodium hydroxide to M/20 boric acid solution. 

(b) Pauly’s diazo reagents. 
sulfanilic acid) and 


Reagent I (diazotized 

reagent II (alcoholic sodium 

carbonate solution) were freshly prepared prior to 

spraying by the method of Leblond and Gross (5). 
(c) Thyroxine and its related compounds. 

(i) 3, 5-Diiodo-t-thyroxine (DIT) (Sigma che- 
mical Co.). 

ii) 3, 5-Diiodo-pL-thyronine 
Chemical Co.). 

iii) 3,5, 3’-Triiodo-L-thyronine (T;) (Aldrich 
Chemical Co.). 

iv) Thyroxine (3, 5, 3’, 5’-tetraiodo-L-thyro- 
nine) sodium salt (T,) (Byron Chemical 
Co.). 

(v) pvu-Thyronine (Ty) (British Drug House). 

(vi) u-Thyroxine-U-I'8! (Abbott Laboratories). 

(vii) NalI-I!8! solution (50 microC./ml.). 
Methods—(A) Paper Electrophoresis: A set of 3 

strips (2X 69cm.) of filter paper (Toyo Roshi No. 51 

A) was used at each run of HVPE, in order to 

correct, if necessary, the mobility of the compound 

tested in the presence of NalI-I'* as the mobility 
standard. ‘The paper strips were immersed in a borate 
buffer of desired pH, pressed gently between two 
sheets of dry filter paper to soak up an excess of buffer 
solution, and placed parallel on the plastic support 


(T;) (Aldrich 
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in the order of Nos. 1,2 and 3. A solution of the 
compound to be tested was smeared by a glass capil- 
lary or a small brush along the starting line of paper 
strip No. 1 which was previously marked by pencil 
at 12cm. from anodic end of the filter paper. A 
mixture of NalI-I!8! solution and sample compound 
was placed on the paper strip No. 2. Nal-I'8! solu- 
tion was smeared by the same way on the paper 
strip No. 3. 

A set of paper strips fixed to the support was 
then placed on the bottom of HVPE box filled with 
fresh coolant (n-hexane), both ends of each filter 
paper strips being dipped in the anodic and cathodic 
buffers in respective vessels. Usually, direct current 
of 3kv. was applied for about 25 minutes at the 
coolant temperature of 2-4°C. 

(B) Identification of the Bands by Color Reaction: 
After HVPE, the filter papers were dried and sprayed 
successively with Pauly’s reagents I and II. Since the 
band of iodide was hardly located by the ceric sulfate- 
arsenite reagent, the following radioautographic pro- 
cedure was necessary. 

(C) Radioautography: A minute amount of Nal- 
I'31 was smeared on both sides of the colored band 
of the test compound in paper strips Nos. 1 and 2. 
The three paper strips were laid on top of each other 
on non-screening film (Fuji Photo film Co.), and with 
the starting line and long sides in the same _ position, 
and left for 24 hours. 

(D) Calculation of Rr Values: With the developed 
radioautogram, distances were measured from starting 
line to the iodide-I'#! band, and also to the band of 
the sample compound marked by Nal-I!?!. 

The ratio of mobilities, taking iodide mobility 
as 1.0, is represented as the Ry value. 


RESULTS 


I. Indirect Determination of the Rr Values 
of Thyroxine at Various pHs—An example of 


pH 
10.8 14 
os | 
Ty+1") ihe = ¥ 
Po ies) 
Oo I (+) 
Fic. 1. Radioautogram of thyroxine follow- 


ing HVPE in borate buffer of pH 10.8. 


radioautogram of thyroxine (T,), as shown 
in Fig. 1, was prepared from a set of filter 
paper strips subjected to HVPE at pH 10.8. 
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In the same way, the radioautograms of T, 
were obtained for respective sets of HVPE 
pattern at 10 kinds of pH from 846 to 11.9. 
Radioautograms of each of the center paper 
strips (No. 2 as described in the part of 
Method) are summarized in Fig. 2 and 
represented as the Ry; values in Table I. It 
is noted from Table I that Ry; of T, is least 
variable at pH above 10.2. 


| 


ha ad tt 


9.8 z 
10.2 { ae 
Ss 
10.4 a | 
hoae! Bs ] 
10.8 a 
11.0 ms 
11.9 Ge 
(-) i 


14 (+) 


Fic. 2. Radioautograms of thyroxine follow- 
ing HVPE in borate buffers, ranging from pH 
BG tom 129. 

II. Direct Radioautographic Determination of 
Rr Values of I'*'-labeled Thyroxine—HVPE of 
T,-U-I!*! was carried out in borate buffers, 
ranging from pH 9.0 to 11.9 and then 
autoradiographed without applying Pauly’s 
reagents. As shown in an example (Fig. 3), 
R; could be measured fairly accurately from 


Ta (1!3!) [ 


4 
i 
Ta (181) 41!3! | 


1/3) | iz 


i) 


Fic. 3. Radioautogram of I'*!-labeled thyro- 
xine following HVPE in borate buffer of pH 
10.8. 


the direct radioautogram, in which the 
mobility of T, was also not influenced by 
coexisting iodide-I'*! used as the mobility 
standard. The radioautograms of the center 
paper strips are illustrates in Fig. 4. The 
R; values caluculated are summarized in 
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Wrens, Il 


Rr Values of Unlabeled Thyroxine (T,) Determined by HVPE 
at Different Alkaline pHs 


PH, 36h 9.0 1. 19.20h, 9.4 ol 956 9.8 | 10:2 | 10-4 (10.6 I" ie) Tho y= 119 


Sere &. 1 


TasLe II 


Rr Values of Uniformly I'3!-Labeled Thyroxine (T,-U-I?!) Determined 
by HVPE at Different Alkaline pHs 


jel | QA) Oe Ord 9.6 9.8 10.2 10.4 | 10.6 10.8 LE Os te, 

0 0.11 0.14 0.15 0.17 0.20 0.22 0.23 0.25 Ase |, O48) 

0.13 0.15 0.15 0.18 0.20 0.22 0.22 0.23 O2237 80223 

0 0.13 0.14 0.16 0.18 0.21 0.23 0.24 0.24 Obzee || (O23: 

Ay. 0 0.12 0.14 0.15 0.18 0.20 0.22 0.23 0.24 0.24 | 0.23 
Table II. These direct and indirect R, III. Indirect Determination of the R, Values 
values are compared in Fig. 5. of Compounds Related to Thyroxine—By the same 


The results presented above led to a a 


conclusion that HVPE in borate buffer of pH 
oH ot 
9.0 2 ere 
9.2 » hae iy 
9.4 ay ate 
96l| ¥ mE 
9.8 _¥ 
| 0.10 
10.2 x ¥ 
io4[ | } 
=I 0.05 
10.6 P4 > | 
i0.6(_| ar q¥ 
11.0 Y % 98 102 104 106 108 110 11.9 
11.9 4 z | a 
eS) ' ' +) Fic. 5. The Ry, values of thyroxine (0) 
Ta I and [!%1-labeled thyroxine (M™) in alkaline pH 
Fic. 4. Radioautograms of I'*!-labeled thyro- (borate buffer). 
xine following HVPE in borate buffers, ranging For the details of determining the Ry values, 
from pH 9.0 to 11.9. see the text. 


10.8 gave the most reproducible R,; values, at procedures, the R, values of Ty, T,, T3, and 
least, of T, without any possibility of deiodi- | DIT were determined by running HVPE in 
nation as in the case of acidic HVPE (4). borate buffer of pH 10.8. Reproducibility 
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was also examined by repeating each experi- 
ment, which are summarized in Table III. 


TABLE III 


Rr Values of Thyroxine and Its Related Compounds 
Determined by HVPE at pH 10.8 


ils ee ae 
0.38 | 0.40 | 0.26 | 0.29 | 0.24 
| 
O41 | (O93) 10160.25.0) 4 0;32").10.24 
O40.) i632) 00.27% | 031 40.23 
04) —| <0.32 .|-0.27 |. ost. | "0.23 
Av. | 0:40 | 0.32 |-0.26 | 0.31 | 0.24 


It is concluded that the Ry values of respec- 
tive compounds in 4 runs are in a good 
agreement with each other, though the Ry 
values between T, and T;, and between T; 
and Ty are considerably close to each other. 


DISCUSSION 


In this paper the optimum pH was 
experimentally determined for HVPE separa- 
tion of LT, and its related compounds. By 
use of iodide-I**4 as the mobility standard 
the relative mobility in terms of Ry of respec- 
tive compounds was quite reproducible at 
each pH, especially above pH 10.2. Thus, 
HVPE of T, in borate buffer of pH 10.8 not 
only gave the most agreeable Ry; values in 
4-6 runs but also left no possibility for 
degradation of T, during HVPE as shown 
by a close agreement of Rr values of T, 
determined by direct (labeled T,) and indirect 
procedures (Fig. 5). 

The optimum conditions established in 
HVPE experiments of T, also gave highly 
reproducible Ry values of DIT, T, T, and 
T;, as shown in Table III. For the purpose 
of analyzing these compounds in the thyroid 
gland extract and other biological fluids, the 
alkaline HVPE may not be the _ perfect 
method by itself, since the Rr values were 
fairly close between T, and T, or between 
T, and T; (Table III) and since the band of 
DIT visualized by Pauly’s reagents was rather 
broad to permit a highly accurate measure- 
ment of mobility. In this connection, the 


results reported by Takahashi (3) on the 
relative mobility, Riys (L-lysine used as the 
mobility standard), of the compounds in 
thyroid gland are very useful to supplement 
the Ry values for the purpose of separation 
and identification of each compound. It is 
an advantage of acidic (pH 1.5) HVPE that 
the band of DIT developed by nin-hydrin 
reaction is far sharper than that in alkaline 
HVPE obtained by diazo reaction. Ruys 
values of 5 compounds (Takahashi (3)) 
are summarized in Table IV in comparison 
with Ry values determined by the experi- 
ments in the present work. 


TABLE IV 


Average Values of Rrys and Rr of Thyroxine 
and Its Related Compounds 


Compounds Rtys Rr 
DIT 0.25 0.40 
c 0.36 0.32 
Ws 0.21 0.26 
IP 0.08 0.31 
ity, 2.24 (?) 0.24 


a) This Rrys value of T, was suspected to 
be that of deiodized or degraded T, (4) as 
explained in the text. 


The HVPE procedures in both acidic 
and alkaline buffer have been applied to the 
thyroid gland extract of experimental animals 
given I'%! to study the metabolism of 
thyroidal hormone (6, 7). 


SUMMARY 


1. The most reproducible conditions for 
HVPE in alkaline buffer of T, were establi- 
shed as borate buffer of pH 10.8 under a 
potential of 3kv. for about 25 minutes. 

2. A simple procedure was described for 
identifying I'*-labeled T, by use of HVPE 
of a mixture of T, with NalI-I'*!, followed by 
radioautography. Mobility of iodide-I'*! was 
taken as the standard and the relative mobility 
of T,-U-I*#! was calculated as the Ry value. 

3. In the case of unlabeled T, the T,- 
band visualized by diazo color reaction 
(Pauly’s reagent) was marked by NalI-I®, 
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followed by radioautography as above. 

4. The R; value of T, (indirect method) 
agreed well with that of T,-U-I**! (direct 
method). This will exclude any possibility 
of deiodination or degradation of T, during 
HVPE at pH 10.8 which happened to be 
observed in HVPE of T, at pH 1.5 (4). 

5) HEIVPE in» borate buffer of pH 10.8 
gave well reproducible R; values of other 4 
T.-related compounds, as follows: DIT 0.40 
(0.38-0.41) ; Ty 0.32 (0.30-0.33); T2, 0.26 (0.25- 
0.27); Ts, 0.31 (0.29-0.32); Ty, 0.24 (0.23-0.24). 
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Sucrose in concentrations ordinarily used 
for isolation of mitochondria from homoge- 
nates of animal tissues (20.254) has been 
found to inhibit ATP-induced contraction of 
swollen rat liver mitochondria (J—5) and also 
to inhibit, although not as severely, the swell- 
ing of mitochondria induced by such agents 
as thyroxine (2, 6). These effects of sucrose 
are fully reversible (J). Since sucrose has also 
been found to inhibit the dinitrophenol-stimu- 
lated ATP-ase (7), the ATP-iP*® exchange 
reaction (8), and oxidative phosphorylation 
(9) as these reactions occur in the digitonin 
fragments of mitochondria membranes (JO), 
it was postulated that the swelling-contraction 
cycle of mitochondria and the energy-coupling 
mechanism of oxidative phosphorylation share 
a common sucrose-inhibited reaction (J—5). 
A relationship between the mechanism of the 
mitochondrial swelling and contraction cycle 
and that of oxidative phosphorylation is 
supported by findings with other inhibitors 
(of. (4, 5)). 

Since sucrose would ordinarily not be con- 
sidered as having the chemical potentialities 
of structure to act as an enzyme inhibitor, 
the specificity of these effects has been 
examined further and some attempts made 
to characterize the nature of the inhibition. 
It will be shown that inhibition of mitochon- 
drial contraction is characteristic not only of 
sucrose but also of a large variety of poly- 
hydroxylic compounds. However, it is not 
given by simple alcohols or diols. 


* Supported by grants from the National Science 
Foundation, National Institutes of Health, the Nutri- 
tion Foundation, Inc. and the Whitehall Foundation. 

** With the technical assistaace of Mary Towart. 


EXPERIMENTAL AND RESULTS 


Measurements of the rates 
drial swelling and contraction 
out optically or gravimetrically as described 
before (/-3). Inhibitory effects on ATP-ase, 
ATP-iP® exchange and the P:O ratio of 
digitonin fragments of rat liver mitochondria 
(11) were studied as described earlier (7, 10). 
Precise details are given in the legends. 

Purity of Sucrose—After the inhibitory effect 
of sucrose on mitochondrial contraction was 
first observed (J), it was considered it might 
be caused by impurities in the samples em- 
ployed, particularly because Dickens and 
Salmony (/2) earlier had reported that 
ATP readily reversed thyroxine-induced swell- 
ing of mitochondria in a medium containing 
0.3 M sucrose, a finding which we have never 
been able to confirm. While the reason for 
this discrepancy is still not understood, the 
inhibition does not appear to be caused by 
impurities in the sucrose. All commercial 
specimens tested have given inhibition of the 
same order of magnitude. Repeated recrystal- 
lization of sucrose, in the absence or presence 
of metal-chelating agents, did not remove the 
inhibitory action. Passage of sucrose solutions 
through columns of anion and cation ex- 
changers likewise did not affect the inhibition 
of contraction. Ca**, which is often an im- 
purity in sucrose, has no inhibitory effect on 
contraction in concentrations to 0.01 M. 

Inhibitory Effect of Other Sugars—A wide 
variety of other sugars and carbohydrates has 
been tested for their action on the contraction 
of thyroxine-swollen rat liver mitochondria 
in the presence of ATP+ Mg**+bovine serum 


of mitochon- 
were carried 
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albumin, under conditions previously employ- 
ed (3). In Fig. | is shown a comparison of 
the action of sucrose, which has been employ- 
ed in this investigation as a reference standard, 
with that of p-glucose, p-xylose, and glycerol. 
In these tests the medium contained the solutes 
in the concentrations indicated, in addition to 
0.02 M tris-HCl buffer pH 7.4. The normal 
controls contained 0.125 44 KCl instead of the 
sugars. The media also contained 1.0 10°M 
L-thyroxine as swelling agent. 

The findings summarized in Fig. 1 show 
that swelling of the mitochondria occurs in 
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Fic. 1. Effect of some polyols on ATP-in- 
duced contraction of swollen rat liver mitochon- 
dria. 

The actual data of selected experiments from 
Table I were normalized for swelling rate and 
extent and plotted to show the rate of ATP-in- 
duced contraction. The test system contained 
5.0 ml. 0.02 M tris-HCl buffer pH 7.4 and 1<10-5M 
L-thyroxine. The control tubes (labeled *‘“NONE”’’) 
contained also 0.125 M KCl and the experimental 
tubes the indicated concentrations of the polyols. 
At zero time a small aliquot of freshly prepared 
rat liver mitochondria was added to produce the 
indicated zero-time absorbancy at 520my in 15x 
100mm. tubes in a Beckman B spectrophotometer. 
The changes were followed at 20°C. At points 
designated by vertical arrows, a mixture of ATP, 
MgCl, and bovine serum albumin was added in 
a volume of 0.15ml. and rapidly stirred, to yield 
final concentrations of 0.005M ATP, 0.005M 
MgCl,, and 0.4mg. per ml. albumin. 
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all of the media. On addition of ATP+Meg** 
+serum albumin, however, no optically dem- 
onstrable contraction of the mitochondria 
occurs in media containing 0.3 M sucrose, glu- 
cose, or xylose, whereas 0.3M glycerol did 
not inhibit the contraction. At lower concent- 
rations of the sugars some differences in 
potency of inhibition appear, xylose being 
least active. 

In Table I are summarized the results of 
similar experiments with other sugars and 
polyhydroxylic compounds, with the inhibito- 
ry action of each compound at 0.3 M indicated 
semiquantitatively, as well as the approximate 
concentration giving 50% inhibition. On in- 
spection of these data it is evident that sub- 
stantial inhibition of contraction is given by 
a wide variety of polyhydroxylic compounds. 
These include simple pentoses such as D-xylose 
and p-ribose, ‘hexoses’ such as D-glucose, D- 
fructose, D-mannose and t-sorbose, ‘disaccha- 
rides’, including sucrose, lactose, maltose, the 
‘trisaccharide’ raffinose, and ‘ polysaccharides’, 
such as glycogen, dextran, and inulin. While 
precise assessment of inhibition is difficult 
because of the nature of the assay and the 
possibility of secondary effects such as varying 
permeability, there appears to be a trend to- 
ward greater inhibition by the more complex 
sugars, possibly related to the number of 
hydroxyl groups per molecule. The data also 
show that the inhibition of mitochondrial 
contraction is given not only by the true 
sugars, but also by polyols, including mannitol, 
sorbitol, and inositol. 

Tests were also made of a variety of sim- 
pler alcohols and from these (see Table I) it 
was found that inhibition of the ATP-induced 
mitochondrial contraction apparently requires 
the alcohol to have more than 3 hydroxyl 
groups, since glycerol, ethylene glycol, dieth- 
ylene glycol, and propylene glycol did not in- 
hibit significantly even at concentrations as 
high as 2.044. Similarly methanol, ethanol, 
and propanol were not inhibitory at 0.3/4. 
The definite inhibitions noticed with n-buta- 
nol, isoamyl alcohol, and benzyl alcohol, how- 
ever, could be caused by an action quite 
different from that of the sugars because these 
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TABLE I 
Effect of Alcohols on Contraction of Thyroxine-swollen 
Rat Liver Mitochondria by ATP 
Details as in Fig. 1. The compounds were tested 
at several concentrations. 


Compound | Dion See 
inhibition M 
Hexoses | 
D-glucose Le boats | <cO0 
p-Fructose | Sette <0.10 
p-Mannose fateh Se te 0.10 
t-Sorbose ) pied «| 2-06.20 
Pentoses 
Xylose se Ba eg 0.15 
Ribose sai | 0.3 
Disaccharides | 
Sucrose +4+4+ 0.05 
Lactose Ar oieatets 0.05 
Maltose ete 0.05 
Trisaccharide | 
Raffinose t+++ ) 0.15 
Polysaccharides 
Liver Glycogen 6% +++ 1% 
Dextran 6% ab ibebdk 1% 
Inulin 6% +4+4+4+ 1% 
Alcohols 
Mannitol +t4+4++ 0.05 
Sorbitol pega cteicte 0.05 
Myoinositol +444 0.05 
Ribitol ++ | 0.3 
Glycerol 0 iLO) 
Ethylene glycol 0 2.0 
Propylene glycol 0 | 1.0 
Methanol 0 >0.6 
Ethanol 0 >0.6 
Propanol 0 >0.6 
n-Butanol +++ 0.1 
Isoamyl alcohol Srp ae | 0.1 
Benzyl alcohol aes 0.3 
Diethylene glycol 0 >0.6 


alcohols have a high degree of lipid-solubility 
and probably act by disrupting the lipopro- 
teins of the mitochondrial membranes (cf. (/3)). 

While no attempt was made to assay a 
great number of compounds, it appears quite 
clear that ATP-induced contraction of swollen 
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mitochondria is inhibited by all polyhydrox- 
ylic compounds tested having more than 3 
(adjacent) hydroxyl groups. 

Comparison of Optical and Gravimetric Methods 
—Some additional tests were necessary to 
establish that the optical method, which 
measures light scattering indirectly (5), actual- 
ly measured water uptake and extrusion by 
the mitochondria in sugar-containing media. 
Since light scattering by the mitochondria 
depends on, among other factors, the refractive 
index difference between medium and _par- 
ticles, it appeared possible that the relatively 
high concentrations of the sugars producing 
inhibition altered this refractive index differ- 
ence sufficiently to obscure actual changes in 
mitochondrial volume, thus giving a spurious 
inhibition of the contraction. The inhibitory 
action of sucrose was therefore measured by 
the direct gravimetric method, in which the 
mitochondrial pellet is weighed following 
centrifugal recovery at zero time (before swell- 
ing), after swelling, and after addition of ATP. 
The gravimetric and optical data in Table II 
give good agreement and show that the pres- 
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Gravimetric and Optical Measurement of Water Extrusion 
in Sucrose Medium 


Rat liver mitochondria were added to replicate 
tubes containing 10.0ml. 0.02 / tris.-HCl pH 7.4, 
3>10-5M .-thyroxine, and either 0.4M@ sucrose or 
0.125 M KCl as indicated. After maximum swelling 
had occurred, 0.005 ATP+0.005 M MgCl,+0.4 mg. 
per ml. bovine serum albumin were added. Duplicate 
tubes were centrifuged at zero time, after swelling, 
and after contraction induced by ATP+Mgtt++SA, 
and wet weight of the mitochondrial pellet determined. 
Optical changes were measured at 520my and are 
given for 1.0mm. optical path. Temp., 25°C. 


| Time logis of Wet Weight 
Medium (min.)| mitochondria Ds20 ee 
pe eS 
0 Initial 0.229 155 
eG] 20 Swollen 0.140 386 
After ATP | 
40 addition _ 0.209 ee 
0 Initial 0.260 115 
2. Sucrose} 50 Swollen 0.184 266 
After ATP 24 
ala om pres pel UE Ye e 


556 ALBERT L. LEHNINGER 


ence of sucrose does in fact inhibit the ATP- 
induced decrease of mitochondrial weight. 
While the refractive index of the solutions 
listed in Table I contributes to the magnitude 
of the optical absorbance changes in such 
experiments the simple optical assay clearly 
appears to bea valid semiquantitative measure 
of the ability of the sugars to inhibit contrac- 
tion. This conclusion is also supported by 
the finding that a variety of solutes other 
than polyols have no inhibitory action on 
mitochondrial contraction when tested at 
sufficiently high concentrations to make sub- 
stantial contributions to the refractive index 
of the medium. The datain Table HI show 
that sucrose and p-glucuronate are highly in- 
hibitory, but that such solutes as urea, thio- 
urea, acetamide, dioxane, acetone, and di- 
methylformamide do not significantly inhibit 
optically measured ATP-induced contraction 
at 0.34. To these must be added the non- 
inhibitory alcohols listed in Table I, such as 
glycerol and ethylene glycol. 


TasLe III 
Effect of Other Solutes on Mitochondrial Contraction 
Details as in TableI and Fig. 1. 


Concentration 


Inhibition at a: a 

ES es gates 5 
Sucrose (control) ++++ 0.05 
Acetamide 0 >0.6 
Urea | 0 2 
Thiourea = >0.5 
Dioxane + >0.5 
Acetone | + >0.3 
Dimethylformamide 0 >0.3 
Sodium p-glucuronate | +4+4+4 >0.1 


A second aspect of the assay which has 
been examined further is the ionic composi- 
tion of the medium. Although the test media 
always contained 0.02 M tris.-HCl buffer pH 
7.4, no other ionic components were added. 
The normal medium giving maximum con- 
traction response contains 0.1254 KCl. 
However, a preceding study (/4) has shown 
that the ATP-induced contraction of swollen 
rat liver mitochondria is essentially independ- 


ent of ionic composition or ionic strength 
within defined limits. It can proceed maximal- 
ly when the cation is K*, Nat, Rb*, Li’, 
NH,* and tris+, or when Cl is replaced by 
I=, Br-, F=;-acetates; NO; 3 andisO,~-7among 
others. 

However since the assays of Table I 
lacked ions other than 0.02 M tris and Cl, 
additional tests were made in which 0.125 M 
KCl was added to the sucrose-containing 
media. However the inhibitory action of 
sucrose was manifested in all media tested, 
and within the limitations of the semiquantita- 
tive nature of the assay, the inhibition by 
sucrose was not significantly affected by the 
presence of 0.125 /M KCI. 

Effect of Some Sugars on DNP-stimulated 
ATP-ase—Earlier work has shown that DNP- 
stimulated ATP-ase is virtually completely in- 
hibited by 0.3.M sucrose in preparations of 
digitonin fragments of rat liver mitochondria 
(7), as is the ATP-:P exchange reaction (8). 
Since the digitonin particles do not change 
volume in response to changes in osmotic 
pressure of the medium (cf. (/5)) it is proba- 
ble that the inhibition of the ATP-ase is 
caused through some chemical interference in 
an intermediate enzymatic step rather than 
by a change in the geometry or volume of 
the particles produced by a change in osmo- 
lality. 

The inhibition of DNP-stimulation of 
ATP-ase in such particles by a variety of 
sugars was measured under conditions which 
were optimal for the inhibition by sucrose. 
The pH of the medium is especially important, 
since the greatest inhibition by sucrose 
occurred at pH 7.5. Date in Table IV show 
that the DNP-stimulated ATP-ase is inhibited 
not only by sucrose, but also by glucose, 
fructose, mannitol, inositol, and xylose, but 
not by glycerol. These findings thus fully 
parallel the data on mitochondrial contrac- 
tion. However it may be noted that the 
sugars vary more widely in their inhibitory 
potency toward ATP-ase than they do in the 
inhibition of mitochondrial contraction. It 
is seen for example that xylose is only slightly 
inhibitory to the ATP-ase, compared to 
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TasLeE IV 
Effect of polyols on DNP-stimulated ATP-ase 
Test system contained 0.0064 ATP, 5x10-> 
2, 4-dinitrophenol, 0.01M tris-HCl buffer pH 7.5, 


digitonin fragments (171 vg. N) and polyols shown in 
total volume of 1.0ml. Incubated 15 min. at 20°C. 


iP formed | Inhibition 


ore fet | my moles percent 
None (control) ie oes 1,230 = 
1 = 1,270 | 2. 
Sucrose Oat”) 940 25 
" 0.3. 340 73 
1 VEOsS" 47 96 
Glucose ot i tet90 5 
7 0.3 910 27 
! 0.5 4920 66 
Fructose 0.1 | 1,180 | 6 
! | 0.3 | 1,020 18 
y 0.5 642 48 
Mannitol jeg oi 940 25 
i" i G25. | 220 | 83 
I | 0.5 210 83 
Inositol 0.3 650 48 
I | 0.5 | om 90 
Xylose | 0.3 | 1,240 | 0 
" | 0.5 980 22 
Glycerol he detest 4120 
I" | 0.5 1,200 | 0 
I} | 0.9 


1,240 0 


sucrose, whereas it is relatively much more 
inhibitory to mitochondrial contraction. On 
the whole, however, the parallelism between 
the two types of assay system is rather 
uniform, and supports the view that the 
processes share a common reaction which is 
sensitive to sucrose and other polyhydroxylic 
compounds. 

Inhibition of Respiration and Phosphorylation— 
Sucrose also inhibits respiration and decreases 
the P: O ratio in digitonin particles (0) as 
well as in intact mitochondria (/6). Tests 
in Table V show the inhibition of respiration 
in rat liver mitochondrial particles prepared 
with digitonin by sugars and alcohols. In 
general, those sugars and alcohols inhibiting 
mitochondrial contraction and ATP-ase also 
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were found to inhibit oxidation of 8-hydroxy- 
butyrate by oxygen, as well as the coupled 
phosphorylation. On the other hand, glycerol 
was ineffective. Again it is to be noted that 
xylose is less active than the higher sugars. 
These findings are also consistent with the 
view that a common enzymatic reaction 
inhibited by sucrose and other sugars is 
shared by the processes of oxidative phos- 
phorylation, DNP-stimulation of ATP-ase, 
and the contraction of swollen mitochondria 
by ATP: 


TABLE V 


Inhibition of Respiration and Phosphorylation by 
Representative Polyols 


The test system contained 0.01 M 6-hydroxybuty- 
rate, 0.0024 ADP, 0.03M phosphate pH 6.5, and 
digitonin fragments (134 ug. N) in a 1.0ml. system. 
Polyols added in concentrations shown. Incubated 15 
minutes at 20°C. 


| Acetoacetate 
Compound M | _ formed BO) 
| my moles 2 
None — 286 1.48 
I — 255 ney 
Sucrose 0.1 SS 1255 
I 0.3 121 0.93 
WW 0.5 83 0.32 
Inositol Om 235 1.61 
I 0.3 212 i 
I 0.5 124 eS: 
Xylose 0.1 248 1.53 
I 0.3 LS) 1.64 
I" 0.5 190 1.32 
" 0.7 140 et 
Glycerol 0.1 242 1.56 
I 0.3 299 1.50 
I 0.5 235 1.58 
7 | Sky) | 242 1.49 
DISCUSSION 


The findings reported here clearly show 
that sucrose and a variety of other poly- 
hydroxylic compounds inhibit contraction of 
thyroxine-swollen mitochondria by ATP. 
While the conditions of the assay do not 
permit precise quantitative evaluation, it is 
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quite clear that the inhibition is given only 
by compounds having more than 3 hydroxyl 
groups per molecule and not by simple alco- 
hols or a variety of other water soluble non- 
ionic organic compounds. Among the active 
polyols, the severity of inhibition increases 
with the number of hyroxyl groups per 
molecule. No attempt was made however to 
examine all aspects of molecular structure 
and functional group reactivity contributing 
to this inhibition. 

A survey of the effect of these polyols 
on DNP-stimulated ATP-ase and the rates of 
respiration and phosphorylation in digitonin 
particles, which do not undergo osmotic 
swelling and shrinking, showed that the con- 
traction-inhibiting compounds also inhibit 
these partial reactions of oxidative phos- 
phorylation, giving further support to the 
hypothesis expressed earlier that mitochondrial 
swelling and contraction and the mechanism 
of energy-coupling, both functions of the 
membrane(s), share a common intermediate 
enzymatic reaction which is inhibited by 
sucrose and, as this study has shown, by 
other polyhydroxylic compounds also. Other 
functional relationships between the swelling 
and contraction cycle and the mechanism of 
oxidative phosphorylation have been describ- 
ed in full elsewhere (4, 5) 

Polyhydroxylic compounds inhibitory to 
the contraction, such as sucrose, glucose, 
mannitol, are not known to have inhibitory 
action on enxymes in general and their chem- 
ical nature does not suggest they should 
inhibit or destroy the various functional 
groups currently believed to be involved in 
the action of enzymes. However, there is a 
possible chemical explanation for the action 
of sucrose which is well-founded in current 
knowledge of enzyme action. A number of 
hydrolytic enzymes have been described which 
show “transferase” activity. For example, 
work of Morton and others (cf. (17, 18)) has 
shown that when sucrose or other alcohols 
are present in high concentrations they can 
accept phosphate from substrates such as a- 
glycerophosphate in the presence of alkaline 
phosphatase. Such “transferase” activity has 


been depicted as occurring through com- 
petition between the alcohol or sugar (ROH) 
with HOH. “Transferase” activity is also 
seen among carbohydrate-hydrolyzing enzymes 
and peptidases in the presence of appropriate 
acceptors. Usually relatively high concen- 
trations of the acceptor are required to 
compete successfully with the large mole- 
fraction of water in aqueous systems. 

It appears possible that such a mechanism 
may be involved in the inhibitory action 
of sucrose and other polyols on an inter- 
mediate reaction of oxidative phosphorylation. 
The sucrose may either compete with water 
molecules or, more likely, with an active site 
on an intermediate enzyme containing a 
hydroxyl group(s) functional in a group- 
transfer reaction. Using the following reaction 
scheme for oxidative phosphorylation possible 
actions of sucrose as an artificial acceptor in 
a group-transfer reaction may be shown: 

(1) Carrier ~ X + iP —— Carrier + P~X 

"Pepe sre ae 

(3) PR PADD = ATPaeE 
where X and E are group-transferring en- 
zymes. One possible action of sucrose based 
on a “transferase” reaction may be indicated 
by reactions (4) and (5) 

(4) P~X-+ Sucrose ——> Sucrose-phosphate + X 

(5) P~ E+ Sucrose —- Sucrose-phosphate + E. 
in which sucrose serves as phosphate acceptor 
instead of the normal acceptors E and ADP 
respectively. 

Experiments have been carried out to 
test this hypothesis. Sucrose has been added 
to systems in which oxidative phosphorylation 
was taking place in the presence of inorganic 
phosphate labeled with P® of very high 
specific activity. The reaction media were 
fixed with perchloric acid and the filtrates 
chromatographed on Dowex-1 columns and 
a search made for the appearance of P®- 
labeled phosphate ester(s) of sucrose. Within 
the sensitivity limitations of such experiments 
no unidentified peaks of radioactivity could 
be found. From this experiment and other 
approaches, interaction of sucrose with an 
intermediate phosphate ester to produce 
phosphorylated sucrose seems unlikely. 
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There is however a possibility that sucrose 
participates in a “transferase” reaction which 
does not involve phosphate specifically, but 
some other functional group. For example, 
the hypothetical high energy carrier complex, 
Carrier~X, may undergo a “transferase” 
reaction with sucrose rather than with the 
inorganic phosphate, to form either Carrier ~ 
sucrose or sucrose~X. Sucrose in high con- 
centrations may thus keep a large fraction 
of the total amount of Carrier or X in such 
a presumably inactive form, leading to 
inhibition of the overall cycle. Since the 
inhibitory action of sucrose is reversible, it is 
necessary to postulate that such sucrose- 
intermediate esters undergo decompostion. 

The swelling of mitochondria is also 
inhibited by sucrose and other sugars, as 
shown earlier. However, this phenomenon 
is less sensitive to sucrose and the other 
agents (J, 2) than is contraction. In the 
assays described here, a large excess of the 
swelling agent (thyroxine) was employed, the 
action of which was not ordinarily overcome 
by the concentrations of polyols tested. 

It has been postulated (J-5) that this 
action of sucrose is the basis for the efficacy 
of sucrose solutions in preserving mitochondrial 
morphology during isolation, z.¢. a “fixation” 
of morphology by inhibition of intermediate 
enzymes involved in swelling and contraction. 
On the basis of the results reported in this 
paper, the efficacy of such widely used poly- 
hydroxylic solutes as mannitol (/9), raffinose 
(20), and dextran (20) must have a similar 
basis. 

It is very curious that there is a striking 
inverse relationship between the relative 
inhibitory potency of the polyhydroxylic 
compounds, tested against ATP-induced con- 
traction of mitochondria, and the relative 
rate of penetration through the membrane 
of protoplasts of Staph. aureus and M. lysode- 
ikticus, as revealed by the measurements of 
Mitchell and Moyle (2/). Thus sucrose 
is a very slow penetrant but a strong inhibitor, 
whereas glycerol is a fast penetrant and does 
not inhibit contraction. As an alternative to 
the hypothesis proposed above, it appears 
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possible that the non-penetrating sugars may 
be bound or adsorbed to the mitochondrial 
membrane, at or near sites normally permit- 
ting entry of smaller polar molecules such as 
glycerol or ethylene glycol. Such adsorption 
of sucrose may prevent access of ATP to the 
specific sites in the mombrane involved in 
the contractile mechanism. 

The inhibition of mitochondrial con- 
traction by sucrose described in this and 
earlier papers serves to differentiate the large 
amplitude mitochondrial swelling and con- 
traction observed in vitro, in which the 
mitochondria may increase and decrease in 
volume over a two- or three-fold range, from 
the rapid, relatively minute volume changes 
observed by Packer in fresh, “tightly- 
coupled” mitochondria when changes in 
respiratory state are induced (22). The latter 
type of changes, both swelling and contraction, 
were found by Packer not to be affected 
by concentrations of sucrose as high as 0.80M. 


SUMMARY 


Sucrose in concentrations of 0.3 inhibits 
ATP-induced contraction of thyroxine-swollen 
rat liver mitochondria as measured optically 
or gravimetrically. This effect is not due to 
an impurity but is given by a wide variety 
of other polyhydroxylic compounds, including 
glycogen, dextran, inulin, raffinose, maltose, 
lactose, mannitol, sorbitol, inositol, glucose, 
fructose, mannose, sorbose, ribose, and xylose. 
Half-maximum inhibition is given by between 
0.05 and 0.1044 sugar. On the other hand, 
simpler alcohols such as glycerol, ethylene 
glycol, ethanol, methanol, or solutes such as 
acetone, urea, dioxane, and acetamide do not 
interfere in ATP-induced contraction at con- 
centrations up to 1.044. The polyols which 
inhibit mitochondrial contraction also inhibit 
dinitrophenol-stimulated ATP-ase of mito- 
chondrial membrane fragments with parallel 
efficacy, as well as coupled respiration in 
such particles. It is concluded that the poly- 
ols inhibit an intermediate reaction of 
oxidative phosphorylation shared by the ATP- 
driven contractile mechanism of the mem- 
brane, possibly by serving as artificial ac- 
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ceptors 
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in an essential enzymatic group 


transfer reaction. An alternate explanation 
suggests that the inhibitory polyols block 
access of ATP to membrane sites concerned 
in contraction. 


(7) 
(2) 
(3) 
(4) 
(5) 
(6) 
C7) 
(8) 


(9) 
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The concentration of strontium normally 
present in most of biological materials is so 
low as to be beyond the reach of convention- 
al analytical methods. Consequently the re- 
ported values are too discordant to be of much 
value. Recently Sowden and Stitch (J), 
investigating trace elements in human tissues, 
reported on the application of neutron acti- 
vation analysis on the determination of bone 
strontium. The turnover of strontium can 
be elucidated more fully by the determination 
of stable strontium existing in tissues than 
by the simple tracer tests. 

Since 1958 the use of Japan Research 
Reactor I (JRR-l) was open to general 
scientific studies, which made possible the 
neutron activation analysis of biological trace 
elements (2). 

The purpose of the study is to attempt 
the use of JRR-1 for neutron activation 
analysis of strontium as a basis of turnover 
study on rat bone under various nutritional 
conditions. 


EXPERIMENTALS 


Reagents—Carriers. 

Strontium carrier. A standard solution of stron- 
tium chloride was used. The concentration is assayed 
as strontium carbonate gravimetri- cally. 

Barium carrier. 
dissolved in distilled water to make up 100 ml. 
of the solution contains 10 mg. of barium. 
Ferric nitrate (7.35 g.) was dissolved 
1 ml. of the 


Barium nitrate (1.903 g.) was 
1 ml. 


Iron carrier. 
in distilled water to make up 100ml. 
solution contains 10 mg. of iron. 

Strontium standard. Strontium nitrate (Sr (NOg)2 
4H.O) was diluted with calcium carbonate to 1:1000 
in an agate mortar. 323.6mg. of the diluted mixture 
(containing 100 vg. of Sr) was weighed and mixed 
further well with ca. 2g. of calcium carbonate. 
acid, specific 


Other reagents. Fuming nitric 


gravity 1.53; 17 N NH,OH, 28% aqueous solution of 
ammonia; Acetate buffer, 3M, pH 4.7, equal volumes 
of 3M acetic acid and 3M sodium acetate are mixed; 
1.4 M Potassium chromate; Hydrogen peroxide, 30% ; 
Methyl! alcohol. 

Animals—Five albino rats, between two and three 
months of age and 2000 to 3000g. in weight, were 
maintained in iron metabolic cages and were fed 
with Oriental chow MF for at least three weeks. 
Distilled water was given freely throughout the whole 
period. Femurs were removed carefully from soft 
tissues, soaked overnight in 1M KOH, rinsed with 
distilled water thoroughly. The femurs were com- 
bined and placed in a silica crucible, dried for one 
hour at 100°C, then ashed at 500°C for 7 hours in 
an electric muffle furnace. The ash was ground to 
a fine powder in an agate mortar. 

Activation of Samples and Standards—Two standard 
samples, each consisting of a weighed mixture of 
strontium nitrate and calcium carbonate (containing 
100 vg. of strontium) and six samples of bone ash, 
each wrapped in polyethylene sheets, were introduced 
into a small polyethylene containers as to be irra- 
diated simultaneously. 

The samples were irradiated in air-driven tubes 
of JRR-1 for two hours. 
they were placed in one of the experimental holes. 


For a week or 4 weeks, 


The containers were subjected to a neutron flux of 
101! neutrons cm.~* secu}. 

After two hours of irradiation, the surface activity 
of the polyethylene container was at the level of 
1500 mr/hour. It decreased to 700 mr/hour after 10 
minutes. The specimens were left for 30 minutes 
before handling to allow the decay of intense radio- 
activity from isotopes of a short half-life. 

After one or four weeks of irradiation, the surface 
activity was 50mr/hour on the fourth day after 
irradiation. 

Radiochemical Purification (3)—All chemical manipu- 
lations were carried out behind a lead shielding of 
10cm. thickness. Discarded radioactive solution were 
stored in polyethylene bottles placed hehind a lead 
shielding of 10cm. thickness during the analytical 


procedure. 
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After activation of the bone ash and strontium 
standard, each of them was weighed into numbered 
50 ml. glass stoppered centrifuge tubes. Approxima- 
tely 2.0 ml. (containing 64mg. Sr) of the solution of 
strontium carrier, and 6,0 ml. of distilled water were 
added to each of them, and then 10 ml. of fuming 


nitric acid were carefully added to dissolve the ash. 
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tube, washing twice with 2ml. of distilled water. 
The combined washings were neutralized with 17.N 
NH,OH, methyl red being added as an indicator, 
made distinctly alkaline with ammonia. 0.5g. of 
ammonium carbonate was added to precipitate stron- 
tium carbonate. After heating in a boiling water 


bath for 5 minutes and centrifuging, the supernatant 


ScuEeME I 


Scheme of radiochemical purification. 


Bone ash plus strontium carrier 


Dissolve in HNO, 
Add fuming nitric acid 
Centrifuge 


Discard supernatant 


| 


Dissolve ppt. in distilled water 


Add fuming nitric acid 
Centrifuge 


Discard supernatant 


Discard supernatant 


| 
Dissolve ppt. in H,O 
Make alkaline 
Add carbonate 


| 
Dissolve ppt. 


| 
Nitrate precipitation repeated 
| 
| 
Dissolve ppt. 


Discard supernatant 


Barium carrier added 
Chromate precipitation 


| 
Discard ppt. 


Supernatant 


Carbonate precipitation 


| 


Discard supernatant 


Strontium were precipitated by the addition of further 
10 ml. of fuming nitric acid, cooled in an ice bath 
for more than 10 minutes, and then separated by 
centrifugation (1,000xg, 10 minutes) the supernatant 
liquid being discarded. The insoluble nitrates were 
dissolved in 5.0 ml. of distilled water, reprecipitated 
by the addition of 10 ml. of fuming nitric acid and 
the supernatant was discarded as before. 

The precipitate was redissolved in 2ml. of 
distilled water and transferred into a 15 ml. centrifuge 


Dissolve ppt. 
Iron carrier added 
Hydroxide precipition 
_aceshiie “Seal 
| 


Discard ppt. Supernatant 


Carbonate precipitation 


was discarded. The precipitate was dissolved in 
minium quantity of distilled water, strontium was 
reprecipitated as nitrate. 


repeated once more. 


Nitrate precipitation was 
The precipitate was dissolved 
in 2ml. of distilled water with the addition of 1 ml. 
of the solution of barium carrier, neutralized with 
2N NH,OH under the indication of methyl red, and 
then 2ml. of acetate buffer was added. After heat- 
ing in a boiling water bath for 5 minutes, 0.5 ml. of 
1.5 .N potassium chromate was added. After further 
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heating for 5 minutes in a boiling water bath and 


cooling to room temperature, centrifuged for 10 
minutes at 1000xg and the supernatant was trans- 


ferred into another 15 ml. tube. The 
supernatant was made alkaline with the addition of 


17 N NH,OH and 0.5g. of ammonium carbonate 
was added to precipitate strontium as carbonate. 
After heating in a boiling water bath for 5 minutes 
and cooling to room temperature, it was centrifuged 
(1000 g, 10 minutes) and the supernatant was 
discarded. The precipitate was dissolved in 2 ml. of 
2N HNOs, and one drop of hydrogen peroxide was 
added to reduce chromate. After addition of 1 ml. 
of iron carrier, and heating in a boling water bath 
to remove carbon dioxide, it was made alkaline with 
the addition of 17 N NH,OH. Heating in a boiling 
water bath for 5 minutes, iron was precipitated com- 
pletely as 


centrifuge 


ferric hydroxide. After centrifugation 
(1000 x g, 10 minutes), the supernatant was transferred 
into polyethylene tubes and the radioactivity was 
measured in a well-type scintillation counter. 

After the assay of radioactivity, the solution of 
strontium was quantitatively transferred into a centri- 
fuge tube for the estimation of the chemical yield. 
Strontium was precipitated as carbonate with excess 
of ammonium carbonate. The precipitate was centri- 
fuged, washed once with dilute aqueous NH; solution, 
and transferred into weighed steel planchet with the 
aid of methyl alcohol. 
an infra-red lamp to a constant weight. 
tate was equilibrated to atmospheric CO, for two 


The sample was dried under 
The precipi- 


hours before weighing. 

The radioactivity was also measured by conven- 
tional Geiger-Miiller counter or Lauritzen type electro- 
meter in the form of strontium carbonate. 


RESULTS 


The gamma ray spectrograms of radio- 
chemically purified specimen and of the 
standard are shown in Fig. 1. Authentic 
Hg-203 was used to calibrate the level of 
gamma ray energy, assuming the main peak 
of Hg-203 was situated at 0.279 MEV (4). 
Strontium standard showed three distinct 
peaks. Most of the activities were due to 
the production of Sr-87m. To a lesser 
extent, Sr-85m and Sr-85 were also detected. 
From the area of main peak, content of 
strontium in bone ash was calculated as 
shown in Table V. 


The results of the experiment to know 
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to what extent the removal of coexisting 
calcium in bone ash is effected by the radio- 


chemical purification are shown in Table I 
and II. 


0.279 


Hg- 203 


Strontium standard 


0.389 


Bone ash 


0.389 


Fre. 1. 
by 256-channel pulse height analyser. 


Gamma ray spectrogram obtained 


TABLE I 


Removal of Calcium, assayed with 
Ca-45 as a Tracer 


Composition of Samples | 


Ca. COr Go Cat (uc) | Sr (mg.) 
oa ; 

a) 2 100 locum 

b) 2 | 100 «4.08 
c) oa 100 | 64.08 
d) = = | 0 


Table III and IV are obtained as results 
of one week or longer irradiations. 
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TABLE II 


Results Given in Percentage of Removed Calcium 


Stage of procedure Assayed | Samples 
=o : a) ae d) 
First nitrate precipitation Supernatant | 97.0 88.5 88.5 (—) 
Second nitrate precipitation | I 758) 10.4 10.4 (—) 
Carbonate precipitation | H | (3) (=) (>} SS 
Third nitrate precipitation i 0.1 1.0 1.0 (—) 
Fourth nitrate precipitation | 1 | (-) 0.4 0.1 (=3 
Barium chromate scavenging / )) =) =) (az) 
(—): No detectable radioactivity of Ca*. 
Tasige III 
Activities Induced in Bone Ash and Strontium Standard after 
Two Hours Irradiation 
| SrCO; | Radioactivity 
Sample Weight (g.) recovered iia BeBe per "division per 
ei eS oe | minutes minute _ 
Standard 100g. | 0.9903 43.6 | 28.6 | 5.68 
Standard 100 pe. | 0.3146 Tikge) 27.4 4.92 
Standard 200 vg. 1.2508 | 92.5 | 91.4 8.00 
Standard 200 pg. 0.6396 | 89.7 | 67.9 | 8.30 
Bone ash 0.9951 dA BS 6.54 
Bone ash 0.9832 | 46.4 20.2 | 6.07 
Bone ash 0.9888 | 87.5 38.7 6.64 
Bone ash 0.9934 87.4 BS) 5.39 
Taste IV 
Activities Induced in Bone Ash Strontium Standard after 
Four Weeks Irradiation 
| SrCO, Radioactivity 
Bae | Wiens.) es counts per i division per 
2 = pa I ES les SUN ES SE 
Standard 100 yg. 0.9839 Gee | 50.8 | 9.82 
Standard 100 pe. | 0.3054 66.3 88.4 8.63 
Standard 200 yg. 1.0644 76.5 | 253.9 | 16.03 
Standard 200 pg. 0.6296 69.1 | 209.3 13.21 
Bone ash 1.0685 30.0 OS).7/ 925 
Bone ash 0.9891 32.6 47.3 | 6.25 
Bone ash 0.8352 32.1 86.5 11.40 
Bone ash | 1.0281 32.5 | 78.5 | 9.83 


Activation Analysis of Strontium 


TABLE V 
Calculation of Strontium Content of Bone Ash 


Strontium in 


Irradiation time | Instrument used | Done ack 
| = wh 
| 
| pg./g. 
Two hours | 256-Channel pulse 
height analyser 120 
One week Geiger-Miiller 
counter 108.5 
Lauritzen electro- 
meter 137.6 
Four weeks Geiger-Miller 
| counter | 174 
Lauritzen electro- | 
meter | 111.4 
DISCUSSION 


Strontium has four stable nuclides. Acti- 
vation by thermal neutron flux will produce 
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ray spectrogram and also from their half-life 
and Feather diagram. 


SUMMARY 


1. The application of neutron activation 
analysis to quantitation of stable strontium 
in bone ash is discussed. The Japan Research 
Reactor I was utilized as a source of neutron 
flux of 10" neutrons/cm?2/sec. The results 
obtained by the irradiation for two hours 
and one week or longer were compared. 

2. The radiochemical purification gave 
the recovery of strontium as about 76-86 per 
cent. Calcium or other coexisting elements 
were completely removed by the procedure. 

3. Strontium content of rat bone ash, 
which was fed for three weeks or more with 
Oriental chow MF, were within the range of 


several kinds of radioactive nuclides. They 120-180 microgram per gram. 
AABLE “VI 
Thermal Neutron Activation of Strontium 
Stable nuclides | Sr-84 Sr-86 Sr-87 Sr-88 
Natural abundance 0.56 9.86 9.02 82.56 
Thermal neutron cross | 
section (barn) | 1 Si 0.005 
Activated nuclides Sr-85 m Sr-85 Sr-87 m | Sr-89 
Half-life 70 min 65 day 170 min. 54 day 
Radiation and its | 
energy (MEV) IT 0.007 y 0.513 7 0.389 3 dheAg3} 
| + 0.233 
K_ 0.150 


were summarized in Table VI. These nuclides 
might be produced from rubidium and 
yttrium, which are scarcely contanined in 
living materials. The irradiation for two 
hours produces mainly Sr-87m and Sr-85m. 
One week or longer irradiation of strontium 
produces all the radioactive nuclides listed in 
the table. During cooling for seven days 
the activity due to Sr-85m and Sr-87m 
decayed off and there remained only that of 
Sr-85 and Sr-89. 

Various activities induced from all the 
elements other than strontium in bone ash 
were completely removed by the purification 
procedure. This was known from the gamma 
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Red colorization of alkaline solution of 
arginine by addition of a-naphthol and 
hypochlorite is known as Sakaguchr’s 
reaction (J). Hypobromite and oxine (8- 
hydroxyquinoline) were preferred by Weber 
(2) and Sakaguchi (3) to hypochlorite and 
a-naphthol, respectively. Based on this prin- 
ciple several procedures for colorimetric 
determination of arginine have been reported. 
In most of them successive addition of urea 
was carried out to eliminate any hypobro- 
mite exceeding an amount necessary to dye 
formation, so that the dye once formed may 
not be decomposed by further action of 
hypobromite. However, because of the rapid 
development and successive fading of the 
color, the time interval between hypobromite 
and urea additions was strictly fixed and 
should not deviate from it even by a few 
seconds. It would be convenient if there 
were any substance which would in case be 
added beforehand to the test solution, not 
interfere with the dye formation, yet be able 
to inactivate the excessive hypobromite. After 
testing several compounds, sulfosalicylic acid 
was found to fit for the purpose and the 
colorimetric determination of arginine has 
became significantly simple to carry out, as 
is discribed in the following.* In the present 
method oxine recommended by Sakaguchi 
(3) as another coupling reagent is used 
instead of a-naphthol. 


EXPEREMENTAL AND RESULT 


Reagenits—1) Sulfosalicylic acid-oxine solu- 

* The details were communicated in Japanese in 
the Journal of Chiba Medical Society, 34, 86 (1958) 
by T. Watanabe. 


tion. 50ml. of 5% (about 0.2 M) sulfosalicylic 
acid and 50 ml. of 0.01 M glycine are mixed 
and therein 0.05 g. oxine is dissolved. 

2) 2.5% NaOH solution. 

3) Hypobromite solution. 1g. bromine 
is dissolved in 100ml. of 5% NaOH. Useful 
at least for 2 months, when preserved cold 
in a brown bottle. 

4) Standard (4/4000 solution of arginine 
for calibration. 0.01 M arginine monohydro- 
chloride solution, preserved under toluene 
layer in an ice box, is diluted at every usage. 
Iml. of it contains 43.5 wg. of arginine. 

Procedure—To 2ml. of a test solution is 
added 2 ml. of sulfosalicylic acid-oxine solution 
and filtered. 2ml. of the deproteinized filt- 
rate is pipetted into a test tube, mixed with 
Iml. of 2.5% NaOH and refrigerated in ice 
water for about 15minutes. Then 1 ml. of 
hypobromite solution is added by a measur- 
ing pipette equipped with a gummi cap and 
the mixture wherein momentally the maximal 
dye formation takes place is diluted to the 
10 ml. mark with water of room temperature 
not necessarily at a fixed lapse of time, but 
freely within 10 minutes. A longer leaving is 
undesirable since later than l5 minutes a 
slight fading of color may occur. After 
dilution with water, colorimetry is carried 
out immediately, but some minutes delay 
does not affect the extinction. When I ml. 
of the standard 1/4000 arginine solution and 
I ml. of sulfosalicylic acid-oxine solution were 
mixed and treated as above mentioned, the 
extinction coefficient measured with Pulfrich- 
photometer, filter S 50 being used, was 0.71. 
The results are reproducible. In the absence 
of arginine, the dye formation is negligible 
and Beer’s Law is obeyed in the range of 


Determination of Arginine 567 


TasLe I[ 


M/10 | M/50 
0.21 0.65 | 0.71 0.72 0.69 


Conc. of glycine added 


Optical density | 0.68 


I ml. of 4/4000 arginine+1 ml. of 0.05% oxine+1 ml. of 2.5% sulfosalicylic acid+1 ml. 
of glycine solution of the concentrations listed. To this mixture is added 1 ml. of 2.5% HaOH. 
Further treatment as described in the text. 


TABLE II 


Inhibition of Color Development with Some 
Nitrogenous Compounds 


ee Asean ng Iml. | 44/50 | m/100 | M/200 M/400 | M/800 | 4/1600 | M/3200 | 4/4000 
Urea Pacem i eee er rea 
Ammonium sulfate | | 0.65.5), O71 J.0,7044 60.710, | | 
Ghycine O48 J} 020.) 0.71! | O:70-1 | | 
Alanine OF62 08 OM 0.70 0.71 
Leucine 0.62 | 0.63 | 0.71 0.70 
Tyrosine 0.63 0.70 0.69 0.70 
Tryptophane | | | 0.64 |-0.70 | 0.71 | 0.71 
Histidine | 0.63 | 0.68 | 0.71 
Creatine | | 0.58 | 0.61 | 0.71 | 0.70 
Creatinine 0.65 0.70 0.71 0.70 
4-Methyl uracil | | OSA 0.591 I POMS 071-8, OT Lies) 


Thymine M/5 (0.10) M/25 (0.34)? M/125 (0.47)? 

1 ml. of 44/4000 arginine+-1 ml. of the solution listed above+1 ml. of sulfosalicylic acid- 
oxine solution are treated as described in the procedure. 

1) Optical density in the case of addition of thymine of the corresponding concentrations. 


M/2000 to M/32000 concentration of arginine 
TasLe III solutions, when | ml. of them is employed to 
the test. 

Remarks—Sulfosalicylic acid-oxine solu- 
fT Es ee ee Se — tion used in this method contains glycine at 
Compcund | Optical density M]/200 concentration. The presence of | ml. 
aL a a M/100 to M/200 glycine seems to increase 


Optical Density of the Dye Solutions Produced 
from Guanidino Compounds 


Arginine | : Agee 
vita £ the dye formation, as Tabled indicates. The 
Arginic acid 0.71 ‘ ere 5 : : 
Le color intensifying effect of glycine is possibly 
Monoacetyl arginine | 0.72 ; fein: £ if 
A : | 0.64 due to a protection of arginine trom the 
eer Ke | s) oxidative deamination and decarboxylation, 
ae, viele arora oie since a shortening of the carbon chains of 
Bcregamers pronionic acid | ay guanidino compounds causes the decrease of 
Giippavanine ve ; chromogenic activity, as will be later stated. 


An excessive amount of glycine is not 
desirable since it rather deprives of hypobro- 
mite necessary for the maximal dye forma- 


I ml. of 4/4000 solution of the compounds 
listed+1 ml. of sulfosalicylic acid-oxine solution 


are treated as above. 
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tion. The effects of various substances were 
also tested when they were present together 
with 1 ml. of 14/200 glycine already contained 
in the sulfosalicylic acid-oxine solution. The 
results are indicated in Table II. 

Histidine in an amount exceeding | ml. 
of M/4000 inhibits the color development, as 
in the case of the report of Macpherson 
(4). Applying also 1 ml. of various concentra- 
tions of other substances, the limits of their 
amounts, above which any inhibiting effect 
became observable were found to be below 
the ranges of their physiological occurence 
in a test solution. 

Sakaguchi’s reaction is specific for 
monosubstituted guanidino compounds. 
When the length of carbon chains of the 
substituting groups is less than six, the color 
to be developed becomes less intensive. 


DISCUSSION 


The present method for arginine deter- 
mination is certainly simpler than those 
previously reported by other authors. Urea 
addition for decomposition of excessive 
hypobromite was introduced by Weber (2). 
According to this procedure urea should be 
mixed in 4 to 6 seconds after hypobromite 
has been added. In the modifications of 
Weber’s method by Jorpes and Thorén 
(5), Fischer and Wilhelmi(6) and Tho- 
mas Ingalls and Luck (7) the time pre- 
ceeding urea addition was somewhat lengthen- 
ed but should be exactly 15 seconds. These 
manipulations are not convenient in practice, 
especially when not a few samples should be 
tested by one person. In Macpherson’s 
method (#) the alkalinized solution of argin- 
ine is mixed beforehand with urea, followed 
by hypobromite addition and this urea- 
hypobromite treatment is once more repeated. 
However, it is said that Beer’s Law is not 
obeyed. Van Pilsum et al. (8) recommended 
a beforehand addition of thymine to increase 
the extinction, however an employment of 
such an expensive reagent as thymine seems 
to be not practical and moreover the method 
does not provide any higher extinction than 
that obtainable with the present method. In 
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the method of Ceriotti and Spandrio 
(9) urea addition was omitted and alterna- 
tively the dye formed was extracted with 
butanol exactly after 10 seconds; the rigid 
adherance to time is not practical. 

In the new method presented in this 
paper sulfosalicylic acid has been beforehand 
added, which eliminates hypobromite exceed- 
ing any amount necessary to the dye forma- 
tion from arginine and oxine, so that the 
color produced can safely be left at least for 
10 minutes without any further treatment 
for protection against fading. Of course, the 
optical density is dependent on the amounts 
of sodium hydroxide and hypobromite solu- 
tions to be added. Their appropriate amo- 
unts to give the highest extinction have been 
chosen and used. The concentration of 
oxine, recommended by Sakaguchi (3) as 
an coupling reagent, is lowered to make the 
extinction to nil when arginine is absent in 
the test solution. 

The method can be applied to the 
measurement of arginase activity, estimating 
the remaining amount of arginine, whereby 
sulfosalicylic acid-oxine solution serves as a 
deproteinizing agent without a loss of oxine 
in the filtrate. Arginine added to a suspen- 
sion of animal tissue, for instance, of muscle, 
could be quantitatively found in the filtrate 
obtained by addition of sulfosalicylic acid- 
oxine solution. The reagent can be employed 
to detect the spots on the paper chroma- 
togram of guanidino compounds. The pre- 
sent method was used to measure arginine 
in serum and the reslts have been reported 
elswhere by Ishikawa (JO) from this insti- 
tute. It would be mentioned here that 
serum contains in addition to arginine and 
glycocyamine some other substances positively 
reactive to Sakaguchi’s reaction, which 
probably belong to polypeptides, since they 
are not precipitated by sulfosalicylic acid but 
by trichloroacetic acid and tends to increase 
in amount when the serum is left standing 
at 37°C. Arginine in serum could be deter- 
mined therefore as follows. The trichloro- 
acetic acid filtrate is neutralized and adjusted 
to pH 9. Before and after one hour action 
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of arginase (dialyzed liver autolysate) the 
modified Sakaguchi’s method is carried 
out as mentioned in this paper and the 
arginine content is calculated from the differ- 
ence of optical densities observed. The 
optical density of the sample treated after 
arginase action gives the amount of glycocya- 
mine, since no other guanidino compounds 
have been detected by paperchromatography 
carried out with the neutralized and desalted 
concentrate of filtrate obtained by depro- 
teinizing serum with trichloroacetic acid. 


SUMMARY 


Sakaguchi’s method of colorimetric 
arginine determination was modified. Hypo- 
bromite exceeding the amount necessary to 
dye formation was eliminated by a beforehand 
addition of sulfosalicylic acid to the test solu- 
tion. The procedure has become far simpler 
than by other methods previously devised, 
since any treatment with urea or other com- 
pounds after hypobromite addition is un- 
neccessary. The results are reproducible and 
Beer’s Law persists within the range of 5.45 
to 87yg. arginine. Sulfosalicylic acid can 
serve by itself as a deproteinizing agent in the 
case of arginase studies with dialyzed tissue 


autolysate and arginine added to tissue sus- 
pension can be quantatively recoverd. Optical 
densities of the dyes produced from some 
guanidino compounds were compared. A 
method for estimation of arginine in serum 
is briefly communicated. 


Expenses of this work were defrayed by Grants 
for the Advancement of Science delivered by the 
Department of Education to Prof. S. Akamatsu. 
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Rhodopseudomonas spheroides produces large 
amounts of porphyrin when it was grown 
under light-anaerobic conditions. In contrast, 
the dark-aerobically grown cells have only 
trace amounts of bacteriochlorophyll (/). Also 
levels of 6-aminolevulinic acid-synthesizing 
enzyme are far lower in dark-aerobically 
grown cells as compared to those in light- 
anaerobically grown cells (2). When, however, 
the dark-aerobically grown cells were trans- 
ferred to the light-anaerobic conditions, the 
activity of d-aminolevulinic acid-synthesizing 
enzyme as well as the bacteriochlorophyll con- 
tent increased rapidly to levels of those in 
light-anaerobically grown cells. Of steps for 
total biosynthesis of porphyrin in R. spheroides, 
the step of d-aminolevulinic acid synthesis 
seems to be most susceptive of environmental 
changes (3). This may be due to the fact 
that the d-aminolevulinic acid is synthesized 
from such common sources as succinyl-CoA 
and glycine. We may expect that the for- 
mation of d-aminolevulinic acid could be in- 
fluenced if any significant changes were result- 
ed in the metabolism of carboxylic acids and 
of amino acids by environmental changes. 
Considering this possibility, we have studied 
the metabolism of carboxylic acids, in parti- 
cular of succinic acid, in R. spheroides under 


* This work was aided by Grants from the Rocke- 
feller Foundation and from the Waksman Foundation 
of Japan. Presented in part at the 33rd Meeting of 
the Japanese Biochemical Society, Tokyo, in Novem- 
ber, 1960. 

t A part of this work is taken from a thesis sub- 
mitted to the Tohoku University in partial fulfillment 
of the requirements for the degree of Doctor of Medical 
Science. 


light-anaerobic conditions. 

With respect to the carboxylic acids meta- 
bolism in non-sulfur purple bacteria, there 
have been many papers, mostly dealing with 
Rhodospirillum rubrum, reported by Van Niel 
(4), Stanier (5), Ormerod (6), Elsden 
(7), Kamen (8), Eisenberg (9), and else 
(10, 11). From the results in these papers, it 
appears that carboxylic acids are metabolized 
via ordinary citric acid cycle under dark- 
aerobic conditions, whereas under light-an- 
aerobic conditions, the activity of citric acid 
cycle is suppressed and the cycle operates 
only partly. In this paper, we will report 
that the metabolism of carboxylic acids in 
R. spheroides under light-anaerobic conditions 
appears further to involve coupled oxidation- 
reduction reactions between acids of different 
oxidation levels which are mediated by photo- 
chemical oxidation-reduction systems. Also 
a discussion will be made on the significance 
of this characteristic pattern of carboxylic 
acids metabolism in the control of porphyrin 
biosynthesis in R. spheroides. 


MATERIALS AND METHODS 


R. spheroides, originally obtained from Dr. Van 
Niel, was grown light-anaerobically in medium S of 
Lascelles (/2), usually for 72 hours at 30°C. Harvest- 
ed cells were washed twice with 0.02 M phosphate 
buffer (pH 6.8), then suspended in 20 times the volume 
of 0.04M phosphate buffer (pH 6.8) and used. Cell 
amounts used were measured in terms of dry weiget. 

Cell-free extracts of R. spheroides were prepared 
as follows: washed cells were sonicated for 4 minutes 
with 10 kc. Kubota Sonic oscillator ; the sonicates were 
centrifuged at 10,000 g for 30 minutes and resulting 
supernatants were used. Protein contents of cell-free 
extracts were assayed by the biuret method modified 
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by Vernon and Kamen (J3). 

Reactions were run at 30°C in Warburg’s mano- 
metric flasks immersed in a water bath with two glass 
windows. Illumination was provided by five 200 watt 
tungsten lamps set close to and in parallel to the glass 
window on the back side of the water bath. Light 
intensities provided to the flasks were about 28,000 
luxes. Anaerobiosis was obtained by using nitrogen 
gas as the gas phase. The gas was purified by pass- 
ing it through Na,S,O,-KOH-solution and pyrrogallol- 
$-anthraquinone sulfonate-KOH mixture (J/¢). 

C-labeled compounds were purchased from Dai- 
ichi Chemical Co., Tokyo. The specific radioactivity 
and the concentration of solutions of C!4-labeled com- 
pounds were made up to 0.01mc/mmole and 0.1 M, 
respectively. Other reagents used were obtained com- 
mercially. 

Radioactivities of reaction products were measured 
by a windowless gas flow counter from Nihon Musen 
Irigakukenkyusho, Tokyo. When C*#O, was _ the 
marked product, 100 “moles of Na,CO, were added 
as the carrier and counted as BaCO. 


RESULTS 


CO, Evolution from Carboxylic Acids—R. sphe- 
roides cells were illuminated anaerobically in 
the presence of carboxylic acids. It can be 
seen in Table I that fair amounts of CO, 
were evolved when fumarate, malate, and 
pyruvate were the substrates. When the suc- 
cinate and lactate were the substrates, how- 
ever, amounts of CO, evolved were minor. 
Also it was observed that rates of CO, evolu- 
tion in systems containing any of fumarate, 
malate, and pyruvate as substrates were great- 
ly diminished by the addition of the equal 
amount of succinate. Similar effect was ob- 
served also with lactate. It was noticed that 
more amounts of CO, were evolved when 
succinate was added to the system with acetate 
(Table I, Exp. 2). As will be seen later in 
DISCUSSION, it appears that the acid which 
liberated more CO, might be not the acetate 
but the succinate. 

C40, Formation from Succinate-1, 4-C'*—In 
contrast to the data presented in Table I, 
CO, formation from succinate-l, 4-C'* under 
light-anaerobic conditions was increased by 
the addition of fumarate (Table IJ, Expts. | 
and 2). The results are significant particularly 
when we take it into considerations that, in 
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TABLE I 


CO, Evolution from Carboxylic Acids Under Light- 
anaerobic Conditions 


Reaction mixtures contained per flask 40 pmoles. 
each of substrates and additions, 2 ml. of 0.06 M phos- 
phate buffer (pH 6.9), and R. spheroides cells. Final 
volume was 3.0 ml. 


CO,, yl./60 min. Dry weights 

Substrates z Sl a eh ee 
eat ee _| Succinate _ eee 
Exp. 4.0 
Succinate 6 Ty 

Fumarate 5) 17 

Malate 68 9 
Exp. 2 USS, 
Succinate 10 — 

Pyruvate 81 40 

Fumarate 70 30 

a-Ketogluta- 11 13 

rate 

Lactate ALi — 

Acetate Pop) 45 
Bxp..0 6.1 
Fumarate 139 a= 

Lactate 65 

ae ik Loe 


this case, the fumarate-C* from succinate-C'# 
should have been heavily diluted with the 
non-labeled fumarate added. Among acids 
tested, oxaloacetate and acetate were the most 
effective ones in promoting CO, formation 
from succinate-C'*. The addition of lactate 
to the system was found to decrease the C'#O; 
formation. Similar results as in Table II 
were obtained also with citrate-l1, 5-C'* 
(Table III). Cell-free extracts were used for 
the experiments with citrate-1,5-C'. Under 
dark-aerobic conditions, no such effect was 
seen as observed under light-anaerobic con- 
ditions, regardless of substrates and additions 
used. The data presented in Tables I, II 
and III, indicate that the photochemical 
oxidation of acids of higher oxidation levels 
is suppressed by the addition of acids of lower 
oxidation levels, and in turn, the photochemi- 
cal oxidation of acids of lower oxidation levels 
is promoted by the addition of acids of higher 


YP G. Kixucui, S. ABE and A. Muto 


RABTED aa UL 


C40, Formation from Succinate-1,4-C'4 and Effects on it of Additions of Other Non-labeled Carboxylic 
Acids under Light-anaerobic Conditions 


The substrate and additions used were 20 moles each. Other conditions were the same as in Table I. 


Radioactivity of CO, Dry weights of 
Substrate and additions R. spheroides cells 
Cupane | Relative activity, % | used, mg. 

Exp. 1 10.9 
Succinate-C!4 661 100 
Plus succinate 387 | 59 
Plus fumarate 749 nS, 
Plus malate 683 102 
Plus oxaloacetate 12,009 | 1,820 

: én = ap a [ese Maa : : 

Exp. 2 | UP 
Succinate-C!4 | 450 100 
Plus fumarate 580 130 

Exp. 3 8.2 
Succinate-C!4 1,000 | 100 
Plus pyruvate 4,800 | 480 

: s as at, 4 is 3 2 

Exp. 4 | U5e: 
Succinate-C!4 608 | 100 
Plus acetate 10,341 | 1,700 

Exp. 5 | 4.8 
Succinate-C!4 1,506 100 
Plus lactate 1,011 67 


TAsrE Gh 


C40, Formation from Citrate-1, 5-C'4 under Light- 
anaerobic Conditions 


R. spheroides extracts used per flask contained 
3.0 mg. protein and 0.06 mg. chlorophyll. 

The substrate and additions used were 20 ymoles 
each. Other conditions were the same asin Table I. 


Ante Radioactivity of CO, 
additions a aos _ |Relative activ- 
——— ity, 7 
Citrate-C!4 113 100 
Plus succinate 124 110 
Plus fumarate | By 139) 
Plus pyruvate 1,001 886 
Plus lactate 150 133 
Plus acetate 145 129 
Plus oxaloacetate 1,766 1,560 


oxidation levels. In other words, there appears 
to occur photochemical coupled oxidation- 


reduction reactions between acids of different 
oxidation levels. 

Effects of Fluoroacetate and Sodium Bisulfite— 
As expected, the C'*O, formation from succi- 
nate-1, 4-C4 as well as from acetate-1-C un- 
der dark-aerobic conditions was strongly in- 
hibited by relatively low concentrations of 
fluoroacetate, indicating that the succinate 
and acetate are metabolized through ordinary 
citric acid cycle. Under light-anaerobic con- 
ditions, however, the CO, formation from 
succinate-1,4-C!4 was not inhibited by the 
addition of as high as 110-°M fluoroacetate 
(Table IV). Also it was observed that the 
addition of fluoroacetate did not significantly 
affect the effects of acetate and oxaloacetate 
in promoting the CO, formation from succi- 
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Taste IV 
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Effect of Monofluoroacetate upon C'40, Formation from Succinate-1, 4-C'4 and from Acetate-1-C\4 


Substrates and other non-labeled carboxylic acids used were 20 vmoles each. 


Dry weights of R. 


Spheroides cells used were 5.2mg. in A, 6.8mg. in B, Exp. 1, 9.4mg. in B, Exp. 2, and 6.3 mg. in 


Erepas. 


A. Under dark-aerobic conditions 


Other conditions were the same as in Table I. 


Substrates and additions 


Radioactivity of CO, 


CGO 180 


Acetate-C!4 


Plus fluoroacetate, 7x10-§M 


Succinate-C4 


Plus fluoroacetate, 7<10-°M 


6,682 
630 


18,581 
7,120 


B. Under light-anaerobic conditions 


Substrates and additions ""guoroacetate ee Bere eT eee 
Radioactivity of || Concentration of {Radioactivity of CO, 
- COs, Cap. fluoroacetate, M_ c. p.m. 
Exp. 1 
Acetate-C'4 700 Tl 0me 634 
/ I 1x10-8 383 
Td IW 2x 10-4 323 
Exp.) 2. : 
Succinate-C!4 770 3x10" 795 
Plus pyruvate 4,800 ee 4,813 
Plus acetate 4,707 Orlane 4,647 
I! I PE A0=4 4,807 
Exp. 3 
Succinate-C!4 297 Lx 10-8 320 
Plus oxaloacetate 2,886 2x10-8 2,316 


nate-C", suggesting that the effects may not 
be due to their potencies as the acetyl-CoA 
donor in citric acid cycle. 

The experimental results obtained with 
sodium bisulfite are shown in Table V. The 
dark-aerobic metabolism of succinate was 
strongly inhibited by sodium bisulfite, where- 
as the light-anaerobic metabolism of succinate 
was not inhibited but slightly increased by 
addition of the same concentration of bisulfite 
as used in dark-aerobic experiments. In the 
presence of bisulfite, the effect of oxaloacetate 
in promoting the CO, formation from succi- 
nate-1,4-C'4 was almost completely lost and 
also the similar effect of acetate was diminish- 


ed significantly. From the results in Table 
IV and V, we may conclude that the succinate 
is metabolished to CO, and probably to 
pyruvate mainly at stages of malate and oxalo- 
acetate under light-anaerobic conditions. 
With acetate-l-C!* as the substrate, how- 
ever, inhibitory effects of fluoroacetate and 
bisulfite were more pronounced. C!*O, forma- 
tion from acetate-l-C' under light-anaerobic 
conditions was inhibited increasingly with in- 
creased addition of fluoroacetate. Also the 
light-anaerobic C'#O, formation from acetate- 
1-C'4 was inhibited by bisulfite to almost the 
same extent as observed under dark-aerobic 
conditions. It should be noted, however, that 


TABLE V 
Effect of Sodium Bisulfite upon C'4O, Formation 
from Succinate-1,4-C%4 and from Acetate-1-C* 


Substrates and other non-labeled carboxylic acids 
used were 20 ymoles each. Dry weights of R. spheroides 
cells used were 4.8mg. in A, and 6.1 mg. in B. 


A. Under dark-aerobic conditions 


Substrates and additions wae CO; 
Acetate-C!4 Oo 30K 

Plus bisulfite, 5x10-° 97 
Succinate-C!4 10,315 

Plus bisulfite, 510-3 2,367 


B. Under light-anaerobic conditions 


"Radioactivity of CO, c.p.m. 
Substrate and 


additions Without ee 
pieciate hicelie 
Succinate-C!4 330 | 501 
Plus acetate 6,800 2,880 
Plus fumarate 683 | 563 
Plus oxaloacetate 1,726 | 674 


the extent of inhibition by fluoroacetate did 
not exceed over approximately 60% even when 
the system was added with as high as 2x 10-°MZ 
fluoroacetate. Further studies are needed as 
to how the acetate is metabolized under light- 
anaerobic conditions. 

Effects of Other Substances—The light-an- 
aerobic metabolism of succinate was not signi- 
ficantly inhibited by 1x10-°A4 KCN (Table 
VI, A). The data are in accord with our 
unpublished observation that the oxidation of 
succinate by chromatophores as measured by 
oxygen uptake under light-aerobic conditions 
was not inhibited by KCN. 

The CO, formation from succinate-l, 4- 
C™ was almost completely inhibited by the 
addition of 1x10-*4Z methylene blue (Table 
VI, B). It appears that the addition of meth- 
ylene blue provided a “shunt” between photo- 
oxidants and photoreductants as suggested by 
Vernon (J5, /6), thus obviating the photo- 
chemical oxidation of succinate. 

Light-anaerobic metabolism of succinate 
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TaBLE VI 
Effects of Various Substances upon C'4O, Formation from 
Succinate-1, 4-C'4 under Light-anaerobic Conditions 
Carboxylic acids used were 20 ymoles each. Dry 
weights of R. spheroides cells used were 7.6mg. in A, 
7.7mg. in B, and 8.2mg. in C. Other conditions 


were the same as in Table I. 


A. Effect of KCN 


Radioactivity of CO,, c.p.m. 
Substrate and addition = 
: Added with 
Without KCN 1%10-2M KCN 
Succinate-C!4 443 345 
Plus acetate 3,267 Se200 


B. Effect of methylene blue 


Radioactivity of CO,, 


7 : c. p.m. 
Succinate-C4 444 
Plus methylene blue, 0.3 umole 16 


C. Effects of thioctic amide and oxidized gluta- 


thione 
«| Radioactivity of CO, 
> : Cupane 
Succinate-C!4 508 
Plus thioctic amide, 1.5 “moles 917 
Plus oxidized glutathione, 
1.5 ymoles a 659 


was increased by the addition of a minute 
amount of thioctic amide. A similar effect 
was seen also with oxidized glutathione, 
though to less extents. It is not clear at pre- 
sent whether the observed effect of thioctic 
amide was due to its positive action in photo- 
chemical reactions as suggested by Calvin 
et al. (17, 18), or it was just because the thioctic 
amide acted as a hydrogen acceptor. 
Chromatographic Analysis of Succinate Meia- 
bolism—Reactions with cell-free extracts were 
run under conditions as described in Fig. 1. 
When succinate-C™ was the marked substrate, 
non-labeled citrate was added as the carrier. 
When citrate-C!* was the marked substrate, 
non-labeled succinate was added as the carrier. 
Reactions were stopped after 60 minutes run 
by sulfuric acid and organic acids in the 
reaction mixtures were extracted with ether 
for 72 hours by using Kutscher-Stendel’s, 
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liquid-liquid extractor. The acids thus obtain- 
ed were subjected to ascending zone chromato- 
graphy on Toyo Filter paper, No. 50 (50x 
40cm.) using n-butanol-propionic acid-water 
mixture (20) as the solvent. After completion 
of chromatography, the papers were cut into 
2cm. wide strips in parallel to the starting 
line and each strip was eluted 5 times with 
hot water. Each eluate was condensed by 
evaporation under reduced pressure, transfer- 
red quantitatively to a planchet, and dried 
under an infra-red lamp. Radioactivities of 
those samples are compared in Fig. 1. As 
seen from the figure, under dark-aerobic con- 
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Fre: 1. 
from succinate-1, 4-C!4 and from citrate-1, 5-C'4. 

10 wmoles of C4-labeled substrates and 50 p- 
moles of non-labeled carrier acids were incubated 
with R. spheroides extracts for 60 minutes at 30°C 
under conditions as denoted in the figure. 


Chromatography of reaction products 


ditions, substantial amouts of citrate were 
formed from succinate. In contrast, under 
light-anaerobic conditions, practically no cit- 
rate was formed from succinate, although 
fair amounts of citrate could be metabolized 
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to succinate under the same conditions. The 
data indicate that under light-anaerobic con- 
ditions, the citric acid cycle does not operate 
efficiently, so that succinate is hardly meta- 
bolized via the citric acid cycle. 


DISCUSSION 


From the data presented, it was suggested 
that under light-anaerobic conditions, the 
citric acid cycle does not operate regularly 
and instead there occur coupled oxidation- 
reduction reactions between carboxylic acids 
of oxidatively different levels. The metabolism 
of succinate appears to proceed mainly 
through such coupled reactions. As a simple 
case of light-anaerobic metabolism of car- 
boxylic acids, a dismutation reaction of fuma- 
rate-succinate is proposed schematically in 
Fig. 2. When the fumarate or malate is 
photochemically metabolized into CO, and 
pyruvate, hydrogens from the substrates would 
be transferred to photooxidant [O] to give 
H,O. Then it is expected that the equivalent 
amounts of photoreductant (H] could reduce 
CO:, pyruvate, and fumarate itself, giving 
rise to the formation of lactate, succinate and 
the CO, fixation. Now, when succinate was 
added to the system in which fumarate was 
the substrate, the photooxidant would be con- 
sumed predominantly by hydrogens from suc- 
cinate, so that the oxidation of fumarate or 
malate would be suppressed as evidenced by 
the reduced formation of CO, from fumarate 
or malate as shown in Table 1. Also in such 
a case more amounts of fumarate would be 
reduced to succinate. When succinate was 
the sole substrate, in turn, we may expect 
that some of the fumarate which were resulted 
by the succinate oxidation would concomitant- 
ly be reduced to succinate by photoreductants, 
so that the probability of breakdown of the 
given succinate molecules beyond fumarate 
step would become less. This may explain 
why the CO, formation from succinate was 
so small (Table I). If these were the cases, 
it can be expected that the C'*O, formation 
from succinate-C!* would be increased when 
the system was added with fumarate or other 
carboxylic acids of higher oxidation levels 
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such as oxaloacetate, acetate and pyruvate. 
This happened actually as shown in Table IL. 
As pointed out previously, it was noted in 
Table I that more amounts of CO, were 
evolved when succinate was added to the 
system with acetate. It appears now that the 
increment of CO, evolved over the control 
value might come not from acetate but from 
succinate. We have observed also that the 
CO, formation from acetate-l-C'* as well as 
from acetate-2-C'* under light-anaerobic con- 
ditions was not increased but rather slightly 
decreased by the addition of succinate. 

The mentioned coupled oxidation-reduc- 
tion appeared to function also in the meta- 
bolism of citrate (Table III). Therefore we 
may assume that it represents a general pat- 
tern of carboxylic acids metabolism in R. 
spheroides under light-anaerobic conditions. 

Data have been accumulating also from 
other laboratories suggesting the characteristic 
nature of carboxylic acids metabolism in 
photosynthetic bacteria. Frenkel (19) ob- 
served with chromatophores of R. rubrum that 
the photoreduction of DPN under anaerobic 
conditions proceeded only when a _ small 
amount of succinate was added to the reaction 
system, and that the reaction was inhibited 
about 80 per cent by 1x10-3M malonate. 
Vernon (J6), on the other hand, reported 
that the reaction of photooxidation of reduced 
cytochrome C with R. rubrum chromatophores 
under anaerobic conditions required the pre- 
sence of fumarate in the system. These data 
suggest that oxidation-reductions of succinate 
and fumarate are intimately coupled to photo- 
oxidation-reduction reactions. 

It is important to note that CO, can 
also act as a hydrogen acceptor. Elsden 
and Ormerod (7) reported that the light- 
anaerobic metabolism of succinate in R. rubrum 
increased as much as three times when the 
gas phase contained CO,. Also it has been 
reported by Kamen et al. (8) and by Orme- 
rod (6) that CO, incorporation into R. rub- 
rum cells under light-anaerobic conditions was 
suppressed by the addition of acetate. In the 
latter case, CO, and acetate may be competing 
with each other for photoreductants. Accord- 


ing to Ormerod, also the incorporation of 
CO, was increased about three times when 
succinate was added to the sytem. It is worth- 
while to note that the experiments by Orme- 
rod were carried out using 33.9moles C¥#O, 
in the gas phase—in other words, in the pre- 
sence of sufficient amounts of the hydrogen 
acceptor. In contrast, our experiments were 
run under nitrogen without CO,. It is not 
clear how much CO, could be fixed under 
our experimental conditions. Yet, it can not 
be overlooked that the C4O, formation from 
succinate-C!4 was increased as much as 18 
times by oxaloacetate, and 17 times by acetate, 
while the succinate metabolism was increased 
only three times by the presence of CO, as 
cited above. Also ratios of C'O, fixation in 
the presence of acetate to endogeneous values 
as calculated from Ormerod’s data, were found 
to fall in the range of 0.8 to 0.3. Judging 
from these figures, we are inclined to assume 
that the observed 17 to 18 times increases in 
CO, formation from succinate-C™ could not 
be fully accounted for by the decreased C'#O, 
fixation which would concomitantly occur in 
the presence of acetate or oxaloacetate. 

That the metabolism of carboxylic acids 
involves coupled oxidation-reduction reactions 
appears to provide a favorable condition for 
the porphyrin biosynthesis in RR. spheroides 
under light-anaerobic conditions. It has been 
found by Lascelles (2) that the porphyrin 
formation by R. spheroides was highest when 
the cells were incubated in Lascelles’ me- 
dium I which contained both fumarate and 
a-ketoglutarate as carbon sources. The me- 
dium contained also glycine. We have tried 
similar experiments and confirmed her find- 
ings*. The advantage of medium I in the 
biosynthesis of porphyrin could be explained 
in terms of the increased supply of succinyl- 
CoA. Namely, accompanying to the oxidation 
of a-ketoglutarate to succinyl-CoA, fumarate 
could simultaneously be reduced to succinate. 
The oxidation of fumarate, in turn, would 
be accompanied by the concomitant reduction 
of fumarate to succinate as a result of pre- 


* Collaborated by Dr. Hyogo Sinohara. 
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sumed dismutation as schematized in Fig. 2. 
By this way, the carboxylic acids metabolism 
on either side of succinyl-CoA in the citric 
acid cycle would give rise to the increased 
supply of succinyl-CoA. On similar basis, we 
may expect that, whatever the carbon sources 


{o] 
a 


Succinate 


Light 


Photochemical 
apparatus 


i 


2H 
({H}] — + Fumarate ES CO2 + Pyruvate 


BIG. 12: 


Scheme for the presumed intercon- 
version of succinate and fumarate under light- 
anaerobic conditions. 


may be, more succinyl-CoA would be pro- 
duced under light-anaerobic conditions than 
under dark-aerobic conditions, which con- 
sequently would give rise to the increased 
synthesis of d-aminolevulinic acid. It remains 
to be elucidated, however, whether such meta- 
bolic change as mentioned above could in- 
duce the adaptive formation of d-aminolevuli- 
‘nic acid-synthesizing enzyme, although it has 
been found that levels of the enzyme are 
much higher in light-anaerobically grown 
cells. 


SUMMARY 


Studies were made on the metabolism of 
carboxylic acids, in particular of succinic acid, 
in Rhodopseudomonas spheroides under light-an- 
aerobic conditions. 

1. Fair amounts of CO, were evolved 
when the cells were illuminated anaerobically 
in the presence of carboxylic acids of higher 
oxidation levels such as fumarate, malate and 
pyruvate, while the amounts of CO, evolved 
from acids of lower oxidation levels such as 
succinate and lactate were minor. Also the 
CO, evolution from acids of higher oxidation 
levels was significantly suppressed by the 
addition of acids of lower oxidation levels. 

2. CO, formation from succinate-l, 4-C™* 
under light-anaerobic conditions was greatly 
increased by the addition of other acids of 
higher oxidation levels, while it was decreased 
by the addition of lactate. Similar results 
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were obtained also with respect to CO, for- 
mation from citrate-1, 5-C14, 

3. CO, formation from succinate-1,4-Cl4 
under light-anaerobic conditions was not in- 
hibited by sodium fluoroacetate and sodium 
bisulfite. 

From these results, it was proposed that, 
under light-anaerobic conditions, there seems. 
to occur photochemical coupled oxidation- 
reduction reactions between acids of higher 
oxidation levels and of lower oxidation levels. 
Also it was suggested that, as a result of the 
coupled reactions, the supply of succinyl-CoA 
to the porphyrin-synthesis system could be 
increased, which consequently would give rise 
to the increased porphyrin formation in R. 
spheroides under light-anaerobic conditions. 
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During the last few years several enzy- 
matic reactions have been shown to involve 
the participation of cobamide derivatives 
(1-6). These findings were aided by the 
discovery by Barker et al. of a coenzyme 
form of vitamin B,. or its derivatives in 
microbial cells (J, 7-9). This coenzyme 
derivative, in which the cyano group of 
cyanocobamides is replaced by an adenine- 
containing moiety, is the only active form in 
several of the cobamide-dependent reactions 
reported (J, 4-6). 

However, in the enzymatic system in 
Escherichia coli concerned with the biosynthesis 
of methionine-methyl, vitamin B,. is utilized 
(3, 10). Although the DBC*** coenzyme has 
been shown to be as active as vitamin B,, in 
stimulating methionine synthesis in ‘crude’ 
extracts of E. coli, there is substantial evidence 
that the cobamide coenzyme itself is not the 
active derivative in this system (3, //). In 
fact, when a system consisting of partially 
purified enzymes is used, the DBC coenzyme 
has been shown to be not only much less 
active than vitamin B,, but also serves as an 
inhibitor of the action of this latter com- 
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KPO, (1:1), (2:1) or (4:1), buffer in which the ratio 
of K,HPO, to KH,PO, is 1:1, 2:1 or 4:1, respec- 
tively. 


pound. It is now known that cyanocobalamin 
must be converted into an active form in 
the course of its combination with the apo- 
enzyme and that the DBC coenzyme is poor- 
ly utilized when the apoenzyme has been 
purified by previously reported procedures 
(3). These observations led the authors to 
the conclusion that the DBC coenzyme may 
not be the true coenzyme form of vitamin 
B,, in the methionine-synthesizing system. 

This conclusion may also apply to other 
enzymatic systems which do utilize the coba- 
mide coenzymes. In previous investigations 
the cobamide derivates discovered by Barker 
et al. have been assigned a coenzymatic role 
by virtue of their ability to stimulate enzy- 
matic reactions by combination with apo- 
enzyme from which cobamide compounds 
have been removed. These investigations do 
not necessarily describe the structure of the 
prosthetic group of a cobamide enzyme since 
the cobamide coenzyme may have undergone 
alterations in the process of becoming bound 
to the apoenzyme. Since the cobamide co- 
enzymes of Barker eé al. were isolated from 
intact cells, these derivatives may represent 
a metabolic form of free cobamides in the 
cells rather than the actual prosthetic group 
of the cobamide-containing enzymes. 

In this communication the cobamide- 
containing enzyme involved in methionine- 
methyl biosynthesis has been purified from 
the cells of #. coli mutant 113-3 grown on 
vitamin B,, and limiting methionine and a 
study has been made of a cobamide derivative 


isolated directly from the enzyme. This 
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cobamide compound (tentatively called “ By» 
coenzyme M’”) appears to be neither vitamin 
B,: nor the DBC coenzyme. 


EXPERIMENTAL AND RESULTS 


Several of the materials and methods 
used in this investigation have been described 
in the previous papers of this series (3, /2). 
Included are descriptions of the mutant strain 
113-3 of E. coli and its culture, the procedures 
used for determining the formation of By, 
enzyme from cobamide compounds and apo- 
enzyme, and the assay method for methionine 
synthesis in vitro. 

Protamine sulfate (salmine) was purchased 
from Mann Research Laboratories, Inc., N. Y. 
Alumina was washed with distilled water 
several times and was dried before use. 
Absorption spectra were taken with Cary 
Recording Spectrophotometer Model 11 M 
or Beckman Spectrophotometer Model DU 
in the case of anaerobic measurements. 

Purification of By, Enzyme—Several modifica- 
tions in the preparation of B,;. enzyme have 
been made over the method previously des- 
cribed (/2). 

1. Cell Culture of E. coli 115-3: Cells of 
&. coli 113-3 were grown in 15 liter carboys 
as described previously (/2) except that 
vitamin B,.; was added at the concentration 
of 10°§ M instead of 10-° 4. This increase 
in vitamin B,, concentration brought about an 
almost two-fold increase in the specific activity 
of the By. enzyme of cell-free extracts. Rais- 
ing the level of vitamin By, to 10-7 M did 
not result in further marked change in the 
amount of B,. enzyme produced. Cells har- 
vested from fifteen such carboy cultures were 
(total wet weight, 1216 g.) and stored 

In a previous paper (3) we have 
that, from a culture of E. coli 113-3 
grown on 10°° Ag Co labeled vitamin By, 
thirty-six per cent of the soluble radioactivity 
may be recovered as By, enzyme after sub- 
sequent ammonium sulfate fractionation and 
chromatography on a hydroxylapatite column 
and that no other major radioactive fractions 
are observed. Therefore the radioactivity 


pooled 
frozen. 
shown 
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may be used as a means of assay of the By 
enzyme through subsequent purification steps. 

2. Preparation of Cell-free Extracts: Ex- 
tracts have been prepared by grinding the 
cells with alumina rather than by rupturing 
them in the Hughes press. The specific 
activity of By, enzyme and the yield of soluble 
protein of the extracts are the same by 
either procedure. One part of the cells was 
mixed with three parts (in weight) of alumina 
and ground in a mortar at 3°C. Grinding 
was continued until the mixture became 
homogenous and pasty. The ground mixture 
was extracted with five cell volumes of 0.0344 
KPO, (2: 1)*** and the extract was obtained 
by centrifugation at 15,000xg for 40 minutes. 
Such extracts were pooled. 

3. Protamine Treatment: Another change 
in the standard fractionation procedure in- 
volves the use of protamine to remove the 
nucleic acids which interfere with the sub- 
sequent fractionation. It was found that By», 
enzyme was also precipitated with nucleo- 
proteins, particulary at lower pH values and 
at relatively low concentration of phosphate 
buffer. However, Bj, enzyme does not preci- 
pitate until a certain amount of protamine 
is added, although the precipitation of nucleo- 
proteins takes place instantly. Therefore, a 
set of conditions could be devised in which 
stepwise addition of protamine brought down 
most of nucleoproteins leaving B,, enzyme in 
solution. Then, with further addition of 
protamine, precipitation of B;, enzyme could 
be effected. B,. enzyme in the second preci- 
pitate could be brought into solution by 
suspending the precipitate in a phosphate 
buffer of higher concentration and higher 
pH. In this way one can at the same time 
remove nucleoproteins and achieve a three- 
to four-fold purification of the enzyme with 
a yield of about 70 per cent. 

The specific conditions for this procedure 
are as follows: the extracts of alumina-ground 
cells were diluted with 0.03 4 KPO, (2:1) 
to yield a protein concentration of 10mg. 
per ml. and were then mixed with an extract 
obtained in the same way from the cells 
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grown on 10°°M radioactive vitamin By» 
(110mg. protein, 272,000 c.p.m.). A 2 per cent 
solution of salmine was added slowly with 
vigorous stirring in a ratio of 0.1 ml. per ml. 
of the diluted extract at 0-2°C. The outlet 
of the vessel containing the salmine solution 
was kept immersed in the enzyme solution 
during the time of addition (30 to 40 minutes). 
The stirring was continued for 15 minutes 
after the addition. The resulting stringy 
precipitate was centrifuged down with the 
Stock centrifuge at 5000xg for 30 minutes. 
The precipitate was discarded and the super- 
natant solution was further fractionated. To 
this supernatant solution was added 2 per 
cent salmine solution in exactly the same 
amount and in the same manner as in the 
first protamine treatment. The resulting 
precipitate was collected by centrifugation 
and was extracted with 520ml. of 0.2 KPO, 
(4:1) and centrifuged at 15,000xg for 15 
minutes. The residue was washed with 260 
ml. of the same buffer. The supernatant 
solution and the wash were combined and 
used for fractionation with ammonium sulfate. 

4. Ammonium Sulfate Precipitation: The 
above fraction was diluted with 0.214 KPO, 
(4:1) to yield a protein concentration of 
about 15mg. per ml. Saturated ammonium 
sulfate solution (approximately 1/3 of the 
volume) and solid ammonium sulfate were 
added in a stepwise manner to bring the 
solution to 35 per cent of saturation. The 
precipitate was discarded. The supernatant 
solution was brought to 50 per cent of satura- 
tion with an additional amount of ammonium 
sulfate. The supernatant solution was discard- 
ed and the precipitate was dissolved in 150 
ml. of 0.03 44 KPO, (2:1) and dialyzed ex- 
tensively against 0.01 44 KPO, (1:1). 

5. Calcium Phosphate Gel Treatment: The 
dialyzed 35-50 per cent ammonium sulfate 
fraction was diluted with 0.01 44 KPO, (1:1) 
to bring the protein concentration to 15mg. 
per ml. Calcium phosphate gel was added 
at the ratio (mg. gel/mg. protein) of 1.67 with 
stirring. The mixture was stirred for 15 
minutes longer and centrifuged. Proteins 
adsorbed on the gel were eluted twice with 
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250 ml. of 0.03 A4 KPO, (4: 1) and the eluates 
were combined. 

6. DEAE-Cellulose Column Chromatography: 
The eluate from the gel was passed through 
a column (3.4X30.5cm.) of DEAE-cellulose 
which had been equilibrated with 0.03 4 
KPO, (4:1). A linear gradient method was 
used for elution in two steps, with 450 ml. of 
0.05 M4 KPO, (1:1) in the mixer and 450 ml. 
of 0.25 AZ KPO, (1:1) in the reservoir at the 
first step, and with 450ml. of 0.25 44 KPO, 
(1:1) in the mixer and 450 ml. of 0.5 M7 KPO, 
(E21) im the. reservoir at the jsécond step. 
Fractions of 22ml. were collected at the rate 
of one fraction per 6 minutes. Radioactive 
fractions (Nos. 35 to 57) were pooled and 
dialyzed against 8 liters of water overnight. 
Dialysis was continued against 8 liters of 
0.05 Mf KPO, (4:1) for 3 hours. 

7. Hydroxylapatite Column Chromatography : 
The dialyzed eluate from the DEAE-cellulose 
column was passed through a column (4.5 
x10.5cm.) of hydroxylapatite which had 
been equilibrated with 0.005 AZ KPO, (4:1). 
Elution was carried out in a stepwise manner 
with 120ml. each of 0.01, 0.02, 0.03, 0.04, 0.05 
and 0.06 M KPO, (4:1). Fractions of 20 ml. 
(six fractions for each concentration of phos- 
phate buffer) were collected. As the elution 
proceeded, two faintly brown diffuse bands 
were visible on the column. Radioactivity 
was eluted along with the two bands appear- 
ing in two adjacent peaks. The first peak 
appeared at the 5th fraction after addition 
of 0.04 M buffer and the second peak appear- 
ed at the 4th fraction after addition of 0.05 
M buffer. Fractions 4, 5 and 6 obtained 
after addition of 0.04 Af phosphate buffer 
and fractions 1 and 2 obtained after adding 
0.05 M phosphate buffer were pooled (Frac- 
tion I). The third and fourth fractions 
(Fraction II) and the fifth and sixth fractions 
(Fraction III) of 0.0544 buffer were pooled 
separately, because Fraction III was contami- 
nated with a yellow colored material that 
would interfere with subsequent spectrophoto- 
metric measurements of By, enzyme in the 
other fractions. 

Each radioactive fraction was assayed 
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for its enzymatic activity by a previously 
reported method (/2). Results of the purifica- 
tion are summarized in Table I. The reason 
for the small discrepancy in the purification 
pattern as measured by radioactivity and 
enzyme activity could not be explained. 
Absorption Spectrum of By, Enzyme—The 
major radioactive fraction (Fraction I) of the 
hydroxylapatite column chromatography was 
dialyzed extensively against water and lyophi- 
lized. The dialysis and lyophilization did 
not impair its enzymatic activity. The lyo- 
philized preparation had a _ brownish-orange 
color when dissolved in a small amount of 
water. Charcoal treatment of By, enzyme 
has been known not to diminish its enzymatic 
activity (3). The charcoal treatment did not 
cause any significant changes in the absorp- 
tion spectrum of the enzyme solution. The 
spectrum of B,, enzyme after charcoal treat- 
ment is given in Fig. 1 (Curve A). There is 
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Fre. 1. Absorption spectra of By, enzyme and 


By. coenzyme M. A, By. enzyme solution: B, 
ethanol extract of B,, enzyme: C and D, By 
coenzyme M after the first and second electro- 
phoresis, respectively. The spectrum of each pre- 
paration was corrected to the same concentration 
of radioactivity (23,500 c.p.m./ml., approximately 
3.9x10-2 mM). 


a conspicuous absorption plateau around 
470 my where vitamin By. has no absorption 
peak, whereas there is no conspicuous absorp- 
tion at 360my and 550my where vitamin 
By, has characteristic absorption peaks. It is 
recalled that vitamin B,.r (13, 14), the brown- 
colored reduction product of vitamin By, 
and AC coenzyme (J) show a similar charac- 
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teristic in their absorption spectra. Recently, 
Johnson and Shaw reported that DBC 
coenzyme was paramagnetic and suggested 
that the coenzyme could be formulated as a 
cobaltous rather than a cobaltic complex (/5). 
Although the spectrum of DBC coenzyme (9) 
is different from that of AC coenzyme or 
vitamin Byr, the characteristic high sharp 
peak around 360my of vitamin B,. and 
other related cobaltic cobamides is replaced 
by a peak of much less intensity at a some- 
what longer wavelength (Fig. 5). 

Ferricyanide reversibly oxidizes hemo- 
globin (Fe**) converting it to methemoglobin 
(Fett+). Addition of about one molar excess 
of potassium ferricyanide to By, enzyme solu- 
tion at pH 7.0 did not cause any spectral 
change. 

Heating of a dilute solution of By 
enzyme at 80°C for 5 minutes does not cause 
precipitation of denatured proteins. Spectra 
of a solution of Bi, enzyme were compared 
before and after heating of the solution and 
are shown in Fig. 2. Although the spectral 
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Fic. 2. Effect of heating on the spectrum 
of By, enzyme. A solution of By, enzyme (1280 
c.p.m./ml., approximately 2.1x10°?3mM) was 
heated at 80°C for 5 minutes. The spectra were 
taken before (broken line) and after (solid line) 


the heating. 


change after heating is slight because of the 
low net absorbancy of the spectra, one can 
see a noticeable rise at 360 and 550my and 
disappearance of the absorption plateau at 
480 my. 

Non-enzymatic Conversion of Vitamin By in 
the Presence of Homocysteine and FAD—In one 
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of the previous papers from this laboratory, 
the enzymatic formation of B,. enzyme from 
its apoenzyme and vitamin B,. was reported 
(3). The optimal formation of the holo- 
enzyme required the presence of homocys- 
teine, FAD, tetrahydrofolic acid, ATP, and 
Mg ion. Although homocysteine was added 
as a sulfhydryl agent which protected the 
apoenzyme from inactivation, the roles of 
other components were not understood. 
After the spectrum of B,. enzyme was 
observed, it was anticipated that during the 
incubation in which the By. enzyme was 
formed there might be a spectral change of 
vitamin B,, added in the incubation mixture. 
Although a spectral change took place as the 
incubation proceeded, it was found that only 
homocysteine could cause a slow spectral 
change in 0.0544 KPO, (4:1) buffer at pH 
7.9 (Fig. 3). Sulfhydryl compounds are known 
to reduce vitamin B,, in alkaline solution 
(14, 16). When FAD was added to the 
mixture of vitamin B,, and homocysteine, 
FAD was reduced as evidenced by the 
sharp decrease of optical density at 450 my, 
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vitamin B,., FAD and homocysteine. The reaction 
mixture contained 0.02mM vitamin B,. and 
10mM homocysteine at the start of the reaction. 
50mM KPO, (4:1) and 0.04mM FAD were 
added as indicated on the graph. The experiment 
was carried out at room temperature under 
nitrogen in a Thunberg-type silica cuvette. 
control cuvette additions were made in the same 
way except that vitamin B,, was omitted. Differ- 


ences in optical densitites between the two solu- 


In a 


tions were read and plotted. 
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whereas the reduction did not take place 
significantly in the absence of vitamin By» 
(Fig. 3). Furthermore, the absorbancy at 
360 my also decreased as rapidly as that at 
450 my. Since both vitamin B,, and FAD 
have high absorption at this wavelength, the 
interpretation of the decrease of absorbancy 
at 360myz may be less straight-forward. 
However, there was a more rapid decrease 
of the absorbancy at 550 my in the presence 
of FAD than in its absence. Since FAD has 
no absorption at this wavelength, this 
decrease in the absorbancy must be attributed 
to a transformation of vitamin B,. Such a 
spectral change was not observed in a mixture 
of FAD and vitamin By, without homocys- 
teine. At the end of the experiment the 
spectrum of the reaction mixture was taken 
as measured against a water blank and was 
compared with the spectrum of a mixture of 
FAD and vitamin By, in 0.0544 KPO, (4:1) 
buffer (Fig. 4). The spectrum has the 
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the mixture of vitamin B,, and FAD after the 
reaction with homocysteine. A, spectrum of a 
mixture of 0.02mM vitamin B,. and 0.04mMZ 
FAD in 50m KPO, (4:1): 
the reaction 


B, spectrum of the 
same mixture with 10 mM 
homocysteine at the end of the experiment des- 


after 


cribed in Fig. 3. 


characteristic feature of vitamin B,r. If the 
role FAD plays in this reaction is the accele- 
ration of reduction of vitamin By to a 
cobaltous cobamide and if the cobalt in By: 
enzyme is divalent as has been suggested by 
its spectrum, the effect of FAD on the forma- 
tion of By, enzyme from its apoenzyme and. 
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vitamin By». in vitro is understandable. 

Isolation of a Cobamide Coenzyme from Byz 
Enzyme—Barker et al. employed warm 80% 
ethanol to extract their coenzymes from 
bacterial cells (J, 9). The same procedure 
was applied to a purified preparation of radio- 
active B,., enzyme. When such an extract 
was evaporated to dryness and subjected to 
electrophoresis in 0.5 M acetic acid, a major 
radioactive band (B,, coenzyme M) moved 
towards the anode. The distance from vita- 
min B,., which does not move electrophoreti- 
cally at the pH of the solvent used, was 1.8 
cm. after 2 hours electrophoresis at 2 kilovolts 
across 56cm. on Whatman No. 52 filter paper. 
In the same solvent system Barker’s co- 
enzymes move towards the cathode relatively 
rapidly (J, 9). 

Since B,. enzyme is the major fraction 
of cobamide derivatives in £. coli 113-3 grown 
on 10°? M vitamin By, (3), it was hoped that 
the prosthetic group of By, enzyme could be 
isolated directly from the cells. In order to 
increase the yield of B,,; enzyme, cells were 
grown in the presence of 10-§M unlabeled 
vitamin By». To 150g. of cells from a 30 
liter culture grown on 10°°M vitamin By, 
cells from a 250 ml. culture grown on 10° 
radioactive vitamin B,. were added and 
mixed. The ethanol extract of the cells was 
prepared and concentrated according to the 
procedure employed by Barker et al. (J). 
‘The subsequent treatment of the concentrate 
with Dowex resins (/) revealed that almost 
all the radioactivity had been converted by 
the cells to cationic compounds. One half 
of the concentrate of ethanol extract was 
passed through a charcoal bed (0.8x0.5cm. 
column of 1:1 mixture (100 mg.) of Norit and 
Celite). The charcoal column was washed 
with Sml. each of water, 6% phenol and 
water successively. A radioactive pink 
eluate was obtained by putting 5ml. of hot 
65% ethanol through the charcoal column. 
The ethanol eluate was evaporated to dryness 
and subjected to electrophoresis on Whatman 
3 MM paper in 0.5 M acetic acid (2 kilovolts 
across 70cm. for 2 hours). Three colored bands 
were separated, one of which was unreacted 
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vitamin B,;. ‘The other two were at 1.8 (A 
band) and 5.1 (B band) cm. from vitamin Biz 
towards the cathode. On the other hand, 
radioactivity measured by the extent of 
blackening of radioautographic film was 
divided into four bands. The strongest radio- 
activity appeared on the A band. The B 
band had some radioactivity. Another band 
(C) of approximately equal radioactivity ap- 
peared between the A and B bands (4.2cm. 
from vitamin B,.). But the band C had no 
color. The vitamin B,. band had no radio- 
activity, an indication that vitamin By, was 
all converted to some other derivatives when 
cells were grown at 10°? M vitamin B,,. The 
fourth and least radioactive band appeared 
at 4.4cm. from vitamin B,, migrating towards 
the anode, where By, coenzyme M_ would 
normally be found under the conditions of 
the electrophoresis. Since the yield of By, 
coenzyme M is so small, this method of iso- 
lating B,, coenzyme M directly from the cells 
was abandoned without further attention to 
characterization of various bands. 

It was found that electrophoresis of the 
ethanol extract of By, enzyme at neutral pH 
gave better purification of By; coenzyme M 
from fluorescent impurities. The following 
is the procedure for purification of By» co- 
enzyme M from a Bi, enzyme preparation 
described in the previous section. 

One of the lyophilized eluates of the 
hydroxylapatite column (Fraction I) was dis- 
solved in a small amount of water and 
treated at room temperature for 5 to 10 
minutes with Norit of a weight equal to that 
of the lyophilized preparation. ‘The charcoal 
was centrifuged down and washed with a 
small aliquot of water. The supernatant 
solution and wash, which were combined, 
contained 96 per cent of the initial radio- 
activity. Four volumes of ethanol were 
added to the solution. From this step on, 
care was taken to protect the preparation 
from light. The mixture was heated at 72 
to 74°C for 20 minutes and centrifuged. The 
denatured protein residue was treated with 
another four volumes of 80% ethanol and 


heated at 78°C for 10 minutes. The mixture 
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was centrifuged and the supernatant solution 
was combined with the first ethanol extract. 
A total of 96 per cent of the radioactivity 
was extracted into the ethanol solution. The 
ethanol extract was evaporated to dryness 
under reduced pressure at 40°C. The pink- 
colored residue wast aken up in a small aliquot 
of water and its. absorption spectrum was 
taken (Fig. 1, Curve B). The solution was 
again evaporated to dryness and the residue 
was transferred onto a sheet of Whatman 
No. 52 filter paper. Vitamin B,, was also 
spotted as a control. On electrophoresis for 
3 hours in 0.02544 KPO, (1:1) buffer at 2 
kilovolts over a distance of 56cm., a pink 
band was observed to move towards the 
anode and was separated by 5.3cm. from 
vitamin B,. which is electrophoretically neut- 
ral at pH 7. The pink band was cut out 
and eluted with 0.5ml. of water. Sixty-nine 
per cent of the radioactivity in the ethanol 
extract was recovered in this single band. 
No other visible bands were detected. The 
spectrum of the eluate from the pink band 
is shown in Fig. 1 (Curve C). 
Re-electrophoresis of such a preparation 
under the same conditions resulted in a single 
visible band which moved approximately the 
same distance towards the anode. Upon 
elution 52 per cent of the radioactivity 
applied to the second electrophoresis was 
recovered. The loss has not been accounted 
for. The spectrum of the pink band after 
the second electrophoresis is shown in Fig. | 
(Curve D). The main difference in spectra 
of the material before and after the second 
electrophoresis resides in the ultraviolet 
region. Since the material applied for the 
second electrophoresis was small in quantity, 
the accuracy of the absorbancy measurements 
was less satisfactory in the ultraviolet than 
in the visible region. The filter paper 
(Whatman No. 52) contains some impurities 
which absorb ultraviolet light with a maxi- 
mum at 260my. In order to correct for this 
background absorption, approximately the 
same area as the area of the pink band was 
cut out from the same sheet and the spec- 
trum of the paper blank was subtracted from 


the observed spectrum of the sample. This 
correction could result in considerable error 
in the estimation of a real spectrum of the 
compound when the amount of the material 
is small. 

For comparison, the spectrum of DBC 
coenzyme was reproduced from the paper by 
Barker e al. in Fig. 5 (9). The spectrum 
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Fic. 5. Absorption spectra of 2.80x10°>M 
BC coenzyme and 2.10x10°°>4% DMBC (DBC) 
coenzyme in 0.01 _M potassium phosphate buffer, 
pH 6.8. (Reproduced from the paper by Barker 
et al. (9)). 


of By, coenzyme M has an absorption charac- 
teristic intermediate between those of vitamin 
B,, and DBC coenzyme. By, coenzyme M 
has a broad absorption band with two 
plateaus at 510my and 540myz. Vitamin By 
and DBC coenzyme have a _ comparable 
broad band, but that of Vitamin By, is 
situated towards longer wavelengths, while 
that of DBC coenzyme is found at shorter 
wavelengths. In the case of the By, coenzyme 
M, absorption at the lower wavelength (S510 
my) is higher than that at the higher wave- 
length (540 my), but in the case of vitamin 
B,. and DBC coenzyme this relationship is 
reversed. The conspicuous absorption plateau 
observed at 470 my in the spectrum of Bis 
enzyme has completely disappeared. By 
coenzyme M has a sharp peak at 364my. 
The ratio of the intensity of the peak at 364 
my to that of the broad band at the 500 my 
region is lower than that of vitamin B,., but 
higher than that of DBC coenzyme. The 
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position of the peak is between those of 
vitamin B,, and DBC coenzyme. Unequivo- 
cal description of the absorption pattern 
in the ultraviolet region may have to await 
further purification. The relative absorption 
intensity at 260my of B,, coenzyme M is 
much lower than that of DBC coenzyme, but 
considerably higher than that of vitamin By». 
The positon of the peak is approximately 
277mp, but there is also an absorption plateau 
at 260 my. 

Preliminary studies were undertaken to 
determine the effect of various physical and 
chemical treatments on the spectrum of Bye 
coenzyme M. A solution of By, coenzyme 
M was irradiated with aeration for two hours 
under two 15 watt fluorescent lamps at a 
distance of 15cm. at room temperature. The 
resulting spectrum is shown in Fig. 6. The 
peak at 364my was shifted to a shorter 
wavelength (353 my) with an increase of opti- 
cal density. The appearance of a high peak 
at this wavelength was also reported to occur 
when AC coenzyme was irradiated (17). When 
0.1 44 KCN was added to the irradiated and 
aerated By. coenzyme M solution, the solution 
turned purple and the spectrum taken showed 
characteristic peaks of dicyanocobalamin. 
When this solution was acidified with HCl, 
the spectral change resembled that obtained 
when dicyanocobalamin is converted to 
monocyanocobalamin (vitamin B,,) by acidifi- 
cation (Fig. 6). 

Although the quantity and purity of the 
coenzyme solution used in this experiment 
were not atisfactory, the molar extinction 
coefficient (e) at 364my of B,, coenzyme M 
was calcu- lated to be 18.8103 by assuming 
that the molar extinction coefficient of the 
peak at 366 my of the product formed by ad- 
dition of KCN to the coenzyme solution is 
the same as that of the corresponding peak 
of dicyanocobalamin (molar extinction coeffi- 
cient, 34.4108 (J8)). Molar concentrations 
of By, coenzyme M appearing in the legends 
for Fig. 1,2 and 6 and in Table II were 
tentatively calculated by using this value. 

Comparison of the Ability of By, Coenzyme 
M and Vitamin By, to React with Apoenzyme to 


Yield By, Enzyme——The activity of By 
coenzyme M as a substrate for the formation 
of By, enzyme from the apoenzyme has been 
measured according to the procedures 
described previously (3), and is compared 
with the activity of vitamin B,, (Table II). 
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—— After irradiation ond oeration 
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Fic. 6. 
B,. coenzyme M by exposure to light, addition of 


Transformation of the spectrum of 


potassium cyanide and acidification. The coenzyme 
solution (approximately 1.1x10-2mM/) used in 
this experiment was obtained from a By». enzyme 
preparation which was purified by the procedures 
described in one of the previous papers (72). See 
the text for experimental details. 


By. coenzyme M is more active than vitamin 
B,, when the reaction mixture contained only 
apoenzyme and homocysteine in addition to 
the cobamide compounds tested. However, 
addition of the components required for the 
optimal formation of B,, enzyme from the 
apoenzyme and vitamin By, also increases 
the formation of B,. enzyme from apoenzyme 
and Bi, coenzyme M. In the case of vita- 
min By, omission of folate-H, or FAD 
impairs the activity of vitamin By; markedly, 
although the effect of omission of ATP was 
much less conspicuous than in the experi- 
ment previously reported (3). On the other 
hand, in the case of B,, coenzyme M, the 
addition of two of the three compounds 
(folate-H,, FAD, and ATP+Me**) resulted 
in the formation of By, enzyme to approxi- 
mately the same extent as that found under 
optimal conditions (Table IH, Experiment A 
and B). At a concentration of about 10-3 
mM a greater amount of B,. enzyme activity 
is found with vitamin By, as substrate than 
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TABLE II 
Activity of By, Coenzyme M and Vitamin By, in Formation of By. Enzyme from Apoenzyme 


Incubations were carried out under the conditions described in one of the previous papers (Table 


III in reference (3)), unless otherwise noted. 


Methionine synthesized (mymole/ml.) 


ga iach Experiment A Experiment B 
Vitamin B,. B,, coenzyme M | Vitamin B,, | By. coenzyme M 
8.0x10-* 8.0x10-> | 84x10 84x10-5 | 80x10 |  7.0x10-4 
| mM mM mM mM mM mM 
None (control)® 13 26 28 
None 29 65 | 
None 130 84 ) = 65 70 
None”? 56 
None” 128 59 
Folate-H, | at 86 50 66 
FAD 82 88 54 | 70 
ATP, MgSO, 117 86 | 94 61 
Folate-H,, FAD | 26 43 
FAD, ATP, MgSO, 56 56 
Folate-H,, ATP, MgSO, | 56 50 
ef FAD, ATP, 25 | 55 | 24 49 


a) Cobamide compounds were omitted during the preliminary incubation, but added in the final 


incubation. 


6) 10°?mM of antimetabolite of B,,, ethylamide derivative of B,,, was added in the preliminary 


incubation. 


c) Cobamide compounds were incubated for 1 hour under nitrogen with homocysteine and FAD in 


KPO, (4:1) buffer prior to the preliminary incubation in the absence of apoenzyme. 


The concentration 


of each component during the non-enzymatic incubation was five times the standard concentration in the 


preliminary incubation mixture. 


with By, coenzyme M. However, when com- 
parison is made at about 10-* mM, the rela- 
tionship is reversed (Table II, Experiment 
A). The antimetabolite, ethylamide deriva- 
tive of vitamin B,., inhibits the formation of 
By, enzyme from vitamin B,, as much as 80 
per cent, when the former is present at ten 
times the concentration of vitamin B,. (3). 
Under the comparable circumstances, the 
inhibition of B,, enzyme formation from By, 
coenzyme M is much less (40 per cent) than 
from vitamin By. 


DISCUSSION 


The spectrum of By, enzyme will be an 
important clue for understanding the state 


or structure of the cobamide prosthetic group 
in situ on the enzyme. The similarity of the 
absorption in the visible region of the 
spectrum between B,, enzyme and vitamin 
Byr suggests that cobalt in By, enzyme is 
divalent. ‘The non-enzymatic reaction ob- 
served between vitamin B,, and FAD in the 
presence of homocysteine and effect of FAD 
on the formation of Bj, enzyme support the 
above hypothesis. Furthermore, when vita- 
min B,, was allowed to react with homocys- 
teine and FAD prior to the addition of apo- 
enzyme, a significant increase was observed 
in the formation of B,, enzyme over the By: 
enzyme activity produced in the vessel in 
which the non-enzymatic incubation did not 
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precede the “preliminary incubation” (Table 
II, Experiment B). This observation also 
suggests the involvement of the non-enzymatic 
reaction, presumably reduction, of vitamin 
By. with homocysteine and FAD in the for- 
mation of By. enzyme from vitamin By. 

On the other hand, the catalytic effect 
of vitamin B,. on reduction of FAD might 
be of some significance in view of the fact 
that FADH, is involved in the enzymatic 
synthesis of the methyl group of methionine 
(12). 

When the cobamide coenzyme is removed 
from the protein moiety of By, enzyme, a 
rather drastic change in its spectrum occurs. 
The interpretation of the spectral change is 
difficult at this time. The removal of protein 
may cause the spectral change without con- 
version of cobalt valency. On the other hand 
it is also possible that the divalent cobalt is 
protected from the oxidation by a protein 
ligand, but is quickly oxidized upon dissocia- 
tion. The effect of homocysteine and FAD 
on the spectrum of By, coenzyme M has not 
been studied. 

The effect of light and aeration, addition 
of KCN, and subsequent acidification more 
or less simulated the effects of these treatments 
on the cobamide coenzymes of Barker e¢ al. 
(17). Since the preparation used in the 
experiment was not satisfactory both in 
quantity and purity, precise analyses have 
not been possible. Another important obser- 
vation is that Bi; coenzyme M is electro- 
negative even at the pH (approximately 2.5) 
of 0.5M acetic acid. This characteristic is 
unique among cobamide derivatives so far 
reported. 


SUMMARY 


1. The B,, enzyme was partially purified 
from lkg. of cells of Escherichia coli mutant 
113-3 grown on vitamin By, and its absorption 
spectrum was taken. The spectrum of By, 
enzyme showed an absorption characteristic 
similar to that of cobaltous cobamide de- 
rivatives. 

2. Spectral changes of both vitamin B,, 
and FAD were found to be accelerated by 


each other when the two compounds were 
mixed with homocysteine in a phosphate 
buffer at pH 7.5. The implications of these 
findings in relation to the enzymatic system 
for methionine synthesis were discussed. 

3. An unknown cobamide derivative was 
released from the purified B,,enzyme. Spectral 
and electrophoretic studies were made of the 
released material. On electrophoresis in 0.5 
acetic acid, the cobamide derivative moved 
towards the anode. 
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When vitamins are given to animals in 
excess, a great amount is decomposed or ex- 
creted, and only a very small portion is utilized 
by the body. But when they are given in 
small amounts, the body is very careful in 
utilizing them and does not waste them. Even 
though some vitamins are completely excluded 
from the diets, the rats do not show deficiency 
symptoms of the vitamins, as these are manu- 
factured in their intenstines by bacteria and 
absorbed and utilized within their bodies. 
The purpose of this work is to find out the 
effect of thiamine given in very small amounts 
orally to rats. 


METHODS 


1. Feedings—Young small rats strain were kept at 
first on normal diets. When their body weight became 
about 50 to 60g., they were divided into 6 groups, 
the first a control normal group, the second a thiamine 
deficient group, the third a group to which 2.5 yg. of 
thiamine was given every day, the fourth a group to 


Which 2.5 yg. of thiamine was given in the fourth or 
fifth week of thiamine deficiency, the fifth a group 
to which 5 yg. of thiamine was given in the fourth 
or fifth week of thiamine deficiency. The diet and 
the method of feeding are given in Table I. 

2. Determination of Thiamine—The thiamine con- 
tents in the organs and in the gastrointestinal tracts 
of rats were measured by the fluorometric method of 
Fujiwara (J). 

3. Electrocardiographic Examination—Unanesthetized 
rats were placed (2) on their abdomen on a board to 
which their feet were tied, and electrocardiographic 
recording were made. Electrodes were dipped in the 
electrode paste and these were taped to the feet soles 
of the rats with adhesive plaster. The faces of the 
rats were covered with gauze mask to keep them still. 
Electrocardiographic examination was started several 
minutes after the rats became quiet and standard limb 
and unipolar limb lead were recorded. The standar- 
dization used was the same as in men’s electrocardio- 
graphy (lmvolt:1lcm.). The room temperature was 
kept at about 20-25°C at all times during the exami- 
nation. 


‘iPasieie 


Composition of Diet for Rat 


Basal diet Salt mixture? Vitamin B, group 

Casein 20% | NaCl 20.2 Riboflavin 40 pe. 
Starch 68 MgSO,-7H,O 63.5 Pyridoxine 50 
Salt mixture? 4 K,HPO, AES Nicotinnic acid 200 
Soy-bean oil SD) Ca-lactate 28.7 Ca-Pantothenate 200 
Cod liver oil 23 | Na,HPO,-12H,O 52.6 | Choline-HCl 900 
Water Ca,H,(PO,)2:H,O 111.6 | Inositol 180 

Fe-citrate 13.8 Bie 0.024 
These are cooked and The above are made into 
made into cakes. 0.1 ml. of suspension. 


1) The basal diet is given in a larger amount than that rats can eat. B, group suspension 


(0.1ml.) is given orally daily. 
experimental conditions. 


B, is given in various doses (or not given) orally, according to 
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RESULTS 


1. Thiamine Deficient Group—In the first 
week of thiamine deficiency, growth, appetite, 
vitality and stool of this group were the same 
as those of the normal group. From _ the 
middle of the second week, the appetite de- 
creased gradually to the daily intake of about 
15-20g. of the diet, and the growth stopped, 
but vitality and stools were still good. In the 
third week appetite decreased to the daily 
intake of about 10-l5g. of the diet, that is, 
about one-half of the intake of normal con- 
trol rats, and the weight loss appeared clearly. 
But in general there was no change in the 
vitality and charactor of the stools. In the 
fourth week the appetite decreased greatly 
and the daily food intake became only about 
10g. The body weight decreased markedly 
and showed a daily average loss of several 
grams. Most of rats lost their vitality and 
revealed paralytic symptom (in walking) and 
got diarrheas. Some rats died at the end of 
this week. In the fifth week the rats lost 
their appetite almost completely and daily 
food intake was only about 5g. The body 
weight decreased extremely. Marked neuro- 
paralytic symptoms and ataxia were observed 
during this period. All the rats became enerv- 
ated and had stinking black-brown diarrhea. 
Most of rats died during this week (Fig. 1). 
When the rats in the fourth or fifth week of 
thiamine deficiency were kept in cages with- 
out taking away their feces, most of the rats 


showed the fece in their stomachs, moreover, 
at times the fece was found even in the duo- 
denum. In this stage, about 0.3yug. of thia- 
mine was found in the stomach and about 
5g. of thiamine could always be found in 
the cecum. Furthermore, even though about 


(g.) 


recovery 


q thiamine 
deficiency 


BODY WEIGHT 


0 | 2 S 4 5 6 
TIME (weeks) 


Fic. 1. The progress of body weight of cont- 
rol normal rats and thiamine deficient rats. 

* by the administration of thiamine (5 yg.) 
orally daily. 


TasLe II 
Thiamine Content in the Gastrointestinal Tract of Rats 


(the average of thiamine content of 3 cases) 


Condition Stomach Small intestine| Large intestine Total 
; | pg. pg. ug. vg. 
B, deficiency group 0.25 ( —) 0.46 (0.16) Dis) (O54) 6.10 %0.70) 
5g. of B, (orally daily) group 0.29 (0.08) 1.18 (0.38) O97 (ONT) 7.44 (1.17) 
Oa = WH Th li 0.47 (0.10) 1.48 (0.48) 6.92 (1.24) 8.87 (1.82) 
AA) ou een all Vie ees 0.52 (0.10) 4.31 (0.60) 8.61 (1.86) | 13.44 (2.56) 


of thiamine. 


Determination of the thiamine contents was carried out 24 hours after the administration 


The figures in the parenthesis show the free thiamine content. 


Dosis of Thiamine 


5-6 wg. of thiamine could always be found in 
the gastrointestinal tract from the first stage 
of thiamine deficiency to the time just before 
the death, the rats lost their body weight and 
became enervated. And in this stage the ECG 
of rats showed various marked changes, such 
as bradycardia, arrhythmia (sinus arrhythmia, 
a-v block, interpolated nodal rhythm, and 
premature beat), increase of right axis devia- 
tion, ST changes (elevation and depression) 
and T changes (elevation and depression or 
negative) etc. (2). 

2. Cases to Which 2.5 ng. of Thiamine Was 
Given Orally Daily—When the rats were given 
2.5yg. of thiamine orally daily, they grew 
rapidly. They gained 3-5g¢. daily, but stopped 
growing when their body weight reached 80- 
90g. (Fig. 6), but their general conditions were 
good. The amount of thiamine in the gastro- 
intestinal tract was 5-6 yg., the same amount 
as in all stage of thiamine deficiency. The 
amount of thiamine in the principal organs 
of the rats was very little and it was found 
that the amount was the same as in the early 
stage of thiamine deficiency. There was no 
change in ECG. Judging from the above it 
is assumed that the minimum oral require- 
ment of thiamine in rats to maintain the 
body weight at 70-80. is 2.5 yg. 

In this group it can be assumed that the 
thiamine was completely absorbed and utilized 
by the body. 

3. Cases to Which the 2.5 pg. of Thiamine 


591 


Was Given Orally in the Fourth or Fifth Week of 
Thiamine Deficiency—When 2.5 ve. of thiamine 
was given orally to thiamine deficient rats, 
the rats regained vitality after 24 hours, but 
in this case their body weight decreased. The 
ECG abnormalities observed on the previous 
day improved to some extent (Fig. 2, 3, 4). 

However, after 48 hours they returned to 
their former state (Fig. 5). There was no 
change in the amount of thiamine in the 
principal organs compared with the thiamine 
deficient rats. 

4. Cases to Which Syg. of Thiamine Was 
Given Daily Orally—When 5yg. of thiamine 
was orally given daily the rats kept growing 
evenly to the body weight of 140-160g. (Fig. 
6). Their general conditions were very good, 
they didn’t eat their feces, and there was no 
change in ECG. On the other hand the 
amount of thiamine in the gastrointestinal 
tract was the same as in the thiamine deficient 
rats. There was no histological change in 
the principal organs. 

5. Cases to Which 5g. of Thiamine Was 
Given Orally in the Fourth or Fifth Week of 
Thiamine Deficiencp—When thiamine deficient 
rats in the fourth or fifth week were given 
5 ye. of thiamine orally, they regained their 
vitality and gained weight after 24 hours. 
The ECG abnormalities observed on the prev- 
ious day improved greatly, but the amount 
of thiamine in the principal organs showed 
no change, compared with the thiamine de- 


TABLE III 
Thiamine Content of the Organs of Rats 


~ thiamine deficient rats Saree 
Oreans (in the 4th week of 


| the rats given 5 yg. of 
thiamine orally daily 


Control normal rats given 40 1g. of 
thiamine orally daily 


ee fas eae) (average of 4 ae Ane 4 cases) 
jee = pe fen HS. tee | fe | eee pg. 
blood 6.9 WI) | 26.7 
liver 30.9 (3.1) | 1.15 (0.06) | 92.2( 5.6)| 6.51 (0.40) 513(48) 12.4 (1.3) | 311 (24) | 13.8 (1.1) 
kidney 50.0 (4.7) | 0.50 (0.05) | 61.8 (18.5) | 1.05 (0.31) | 334 2.02 | 196 (15) | 1.82(0.1) 
heart 22.3 (3.9) |.0.11 (0.04) | 57.5( 2.1)| 0.30 (0.01) | 682 1.26 | 376 1.61 
brain 62.5 (7.4) | 0.87 (0.19) | 100.3 ( 4.9)| 1.59 (0.08) | 320 | 4.58 269 3.83 
mauecicmln 160 G4) | 18.4 ( 3.7) | 171 102 
The figures in parenthesis show free thiamine contents. 
The average of body weights of rats—thiamine deficient group, control group (Cl) eeealecran 


5 yg. of thiamine group, control group (II): 150g. 
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ficient rats. They did not eat their feces. 
When 5yg. of thiamine was administered 
every day, paralytic symptoms and diarrhea 
were cured within several days, and general 
state thereafter was similar to that of the 
normal group. 


seeyernese a se ’ 4 


Fic. 5. Two days after oral administration 
ce of 2.5 of thiamine. Conditions took a bad turn— 

PUMPS ules Sat arrythmia (sinus arrythmia) appeared and _ heart 
: Ld rate fell. Heat rate 346~375/min. 


2 User oak: RASS Seton eaten on egos Selene RECT Ey 


Fic. 2. Electrocardiogram of a normal rat 200 
(body weight 179.5g). Heart rate 530/min. 


150 


BODY WEIGHT (g.) 


fo) 
fo) 


es ree Re 
Fic. 3. Electrocardiogram of a rat on the 
20th day of thiamine deficiency. Arrhythmia 
(sinus arrhythmia and ventricular premature beat) 
and bradycardia were observed. Heart rate 300~ 
375/min. 


50 


O | 2 3 4 5 6 
TIME (weeks) 


: Fic. 6. The progress of body weight of rats 
oar ‘Vr administered in a daily doses of (2.5, 5 or 40 yg.) 


NAF | fl of thiamine (orally). 
AACA ay 


The basal diet is given in a larger amount 


lave : 


than that the rats can eat. By, group is given 
orally daily. 


: vot Sent 
pannenhWnnnn : ‘ DISCUSSION 


ee ne ee es Many studies hitherto have been made 
Fic. 4. One day after oral administration of on the requirement of thiamine of the rats 
2.5 yg. of thiamine. Arrythmia disappeared and by Cowgill, et al. and many others, but 


bradycardia improved. Heat rate 409/min. few reports are found which deal with the 


Dosis of Thiamine 


thiamine content in the gastrointestinal tracts 
of rats (3-6). In the gastrointestinal tracts of 
thiamine deficient rats thiamine was always 
found and about 5yge. of thiamine was found 
in the caecum from the early stage of defi- 
ciency until death. On the other hand after 
the third week of deficiency the body weight 
decreased steadily and they lost their vitality. 
At the fourth week and fifth week, the body 
weight fell down to the level of the beginning 
of deficiency and the rats died. But the rats 
which were given 2.5yg. of thiamine orally 
everyday grew rapidly up to about 80g. but 
at this stage the increase in the body weight 
stopped, and thereafter there was no change 
in weight but they maintained their health. 
On the other hand, when the daily dosis of 
thiamine given orally was increased to 5yg., 
they gained weight rapidly to 140-160g. Both 
of these groups showed no change in ECG. 
Judging from the above, with each 30g. of 
increase of the body weight it is necessary to 
increase | weg. of the dosis of thiamine. 

In the cases when 2.5 yg. of thiamine was 
given orally to rats in the first stage of thia- 
mine deficiency, their appetite increased in 
24 hours and their general conditions as well 
as ECG improved although their body weight 
decreased. The amount of thiamine in the 
gastrointestinal tract was almost the same as 
in the case of the thiamine deficient rats. 
And then, owing to the enhancement of cata- 
bolism the rats lost weight despite the increase 
of food intake. The amount of thiamine in 
the gastrointestinal tract was the same, wheth- 
er thiamine was administered or not. It might 
suggest that the thiamine in the bacteria is 
not absorbed as such in the intestines. The 
fact that there was no difference in the amount 
of thiamine in the organs suggests that the 
thiamine absorbed by the rats became com- 
pletely utilized within a day. 

When 5yg. of thiamine was administered 
orally, the rats gained weight of about 5g. 
and the ECG changes improved, but after 
48 hours their conditions started to worsen 
again. However, when 5yg. of thiamine was 
given orally daily, the ECG changes become 
normal again within four or five days, and 
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the body weight increased daily. The amount 
of thiamine in the gastrointestinal tract of 
these rats was 5yg., and the amount of thia- 
mine in their principal organs was slightly 
more than in the case of rats that were not 
given thiamine orally at all. Judging from 
this, it is assumed that 5yg. is the minimum 
amount as the curative dosis. The fact that 
acute human beriberi that was prevalent in 
the old days showed remarkable improvement 
with very little amount of thiamine has a 
very close resemblance to these findings on 
thiamine deficiennt rats. 


SUMMARY 


1. In the gastrointestinal tracts of thia- 
mine deficient rats about 5yeg. of thiamine is 
always found until their death, but it is 
assumed that this is not utilized by the rats. 

2. When 2.5 yg. of thiamine is administer- 
ed orally daily, the rats grow up to about 
80-90 g. and then stop growing. On the other 
hand, when 5yg. is administered orally daily, 
they grow up to about 150g. and then stop 
growing. In both cases 5-Oyg. of thiamine 
can be found in the gastrointestinal tracts, 
and the amount of thiamine in the vital 
organs is almost the same as when no thia- 
mine is administered. 

Daily administration of 2.5 yg. of thiamine 
maintains the health condition of the rats up 
to about 80g. of body weight, and daily ad- 
ministration of 5yvg. thiamine maintains the 
helth condition up to about 150g. 

3. The minimum amount of thiamine 
necessary for curative treatment of the rats 
in the fourth or fifth week of thiamine defi- 
ciency was found to be between 2.5yg. and 
5 pg. 


The authors are deeply grateful for his encourage- 
ment to Prof. S. Tazaka, in whose Department this 
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Dr. T. Takagi for his helpful advice. 
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A specific phosphatase for pD-2, 3-diphos- 
phoglyceric acid (2, 3-DPGA) has been des- 
cribed by Rapoport and Luebering (J), 
and thereafter Joyce and Grisolia (2) 
have studied the properties of the purified 
enzyme obtained from chicken breast muscle 
and baker’s yeast. While the enzyme pre- 
parations described by Rapoport et al. (J, 
3) were markedly activated by mercuric ion, 
Joyce and Grisolia preparations were not 
activated by thision. The latter investigators 
suggested two possibilities: 1. that mercuric 
ion would eliminate the inhibitor from the 
crude enzyme preparation or 2. that the 
enzymes from different tissues or species would 
show different properties. 

The present communication deals with 
some properties of the enzyme preparations 
obtained from rabbit skeletal muscle, with 
special reference to the effect of mercuric ion. 


EXPERIMENTALS 


Materials—2, 3-DPGA was isolated from pig blood 
(5). p1L-2-phosphoglyceric acid (2-PGA) was synthesiz- 
ed from {-glycerophosphate as described by Kiessl- 
ing (6) and purified as described by Warburg and 
Christian (7). s-Collidine was purified via urea 
complex (8). Other materials were commercial pro- 
ducts. 

Methods—The solution of 2, 3-DPGA and other 
phosphorus compounds were freed from barium by 
decationization using cation exchanger (Amberlite IR- 
120-H*) and neutralized with NaOH. 


Inorganic phosphate was determined by the 


* This work was aided by a grant from the 
Scientific Research Fund of the Ministry of Education. 
A preliminary report was presented at the annual 
meeting of the Japanese Biochemical Society, in 


November, 1960. 


method of Fiske-Subbarow (9), mono- and di-phos- 
phoglyceric acid by the chromotropic acid reaction of 
Bartlett (0), and protein by the method of Lowry 
et al. (11). Paper chromatographic separation of 3- 
phosphoglyceric acid (3-PGA) and 2-PGA was carried 
out according to the method of Cowgill (12) except 
that the authors used ascending technique for better 
separation. 

Assay—In typical experiments, the following com- 
ponents were mixed in a final volume of 1.0ml.: 34 
moles 2, 3-DPGA; 5y moles s-collidine-HCl buffer at 
pH 7.0 and the enzyme preparation. After incuba- 
tion, the reaction was stopped by the addition of 1.0 
ml. of 0.6 N perchloric acid, followed by centrifuga- 
tion and the aliquot of the supernatant was used for 
the determination. 

Definitions of the enzyme activity unit and specific 
activity were given according to Rapoport and 
Luebering (J). 


RESULTS 


Purification—Purification of the enzyme 
was carried out according to Joyce and 
Grisolia (20) with a slight modification. 
Each gram of acetone powder of rabbit 
skeletal muscle was extracted with 10 ml. of 
ice-cold water (Crude extract). To each | ml. 
of the extract, 0.67 ml. of ethanol was added 
and after centrifugation at —10°C, 0.71 ml. 
of ethanol was slowly added to the super- 
natant and centrifuged. The precipitate thus 
obtained was dissolved in water (EtOH-Fr. | 
Secu lable): 

A solution of mercuric acetate and 2, 3- 
DPGA in Tris buffer, pH 7.0, was added to 
the Fraction 1, as described by Joyce and 
and Grisolia (2). The mixture was incubat- 
ed and then chilled. The precipitate was 
discarded after centrifugation, and the super- 
natant was retained (Hg-Fr.). To each ml. 
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TABLE I 


Protocol of the Purification of the Enzyme 


Gioms i Total 2 | ; 
Fraction yOnNS | ee ae i ane | Se t 
Crude Extract 360 | 572 2543 | 0,23 | 100 
EtOH-Fr. 1. | 38 521 762 | 0.68 | 92 
He-Fr. 190 804 745 1.08 | 141 
EtOH-Fr. 2. 57 | 370 87 | 4.25 | 65 
IRC-50 Fr. 48 245 | 35 7.00 | 43 
Final Fraction | 46 | 241 | 28 8.53 | 42 


50 g. of acetone powder was used, 
the enzyme activity are described in text, 


of this fraction was added 0.43 ml. of ethanol 
and centrifuged and the precipitate was dis- 
carded. To each ml. of the supernatant 
obtained, 1 ml. of ethanol was added again. 
After centrifugation, the precipitate was dis- 
solved in water (EtOH-Fr. 2). 

The EtOH-Fr. 2 was run though an IRC- 
50 column which had been previously bufferiz- 
ed with 0.005 Mf sodium citrate (pH 6.0), and 
the resin was washed with the citrate buffer 
of twice the volume of the column. The 
percolates were combined (IRC-50 Fr.). The 
excess of mercuric ion in the enzyme prepara- 
tion was removed by the alcohol precipitation 
and treatment with IRC-50. Any insoluble 
material found was discarded by centrifuga- 
tion and the supernatant solution (Final Fr.) 
was stored at about —20°C. The enzyme at 
this stage was stable and could be kept in 
the deep-freeze for over one month without 
any loss of activity. 

A summary of the results is shown in 
‘Lable I. 

Though Joyce and Grisolia (2) added 
ethanol to the enzyme preparations in the 
presence of 2, 3-DPGA, no advantage of 
such treatment observed in our case. There- 
fore it was used only at the mercuric-treat- 
ment stage. As a starting material, acetone 
powder and water extract of fresh muscle 
gave the same results. 

Stoichiometry—As it was previously describ- 
ed, 2, 3-DPGA was hydrolyzed to inorganic 
phosphate and 3-PGA (J). The authors at- 
tempted to examine the same _ scheme. 


and each step of the purification and the definition of 


Whereas J oy ce and Grisolia have reported 
that the enzyme preparations from chicken 
breast muscle were not free from monophos- 
phoglycerate mutase, the mutase activity was 
not detected in the purified preparation of 
rabbit muscle described here. ‘To establish 
the stoichiometry of the enzyme reaction, 
aliquots of the mixture were deproteinized 
at various intervals, and the phosphorus com- 
pounds were precipitated as barium salts, and 
converted to free acid with the use of a cation 
exchanger. ‘The components were separated 
by the method of Cowgill (22). During 
incubation 2, 3-DPGA was decreased and at 
the same time there was an increase in the 
amount of inorganic phosphate and 3-PGA, 
while no considerable amount of 2-PGA was 
formed. The results are presented in Table 
i: 


Tasce II 
Stoichiometry of the Glycerate 2,3-diphosphatase 
Reaction 
Incubation Time (min.) 30 60 120 


+ A Inorg. Phosphate (4 moles) HD 22:2 SE4 
+A 3-PGA (Cotes ise) Thdko| WO jp BO 
—A 2, 3-DPGA (eso) IRS PS) | BO 


Experimental procedures are shown in text. 


Effect of Mercuric Ion—Activation of the 
enzyme by mercuric ion was reported by 
many investigators (/—#). The activity of 
the purified enzyme was slightly inhibited 
by KCN (10-?—10-2 4), and to about one- 


Glycerate Diphosphatase 


third by saturation with H,S. Although 
mercuric ion had an activating effect, the 
addition of a large amount of the ion (more 
than 10-* M) was inhibitory. Hydrogen sul- 
fide restored the activity affected by excess 
mercuric ion at any stage of purification. 
Chelating agents such as_ ethylenediamine 
tetraacetic acid (EDTA), o-phenanthroline, a, 
a’-dipyridyl and dithizone showed a marked 
inhibitory effect on the purified enzyme. The 
attempt to eliminate mercuric ion from the 
enzyme by dialysis against the solution of 
EDTA was failed resulting in the precipita- 
tion of protein with the irreversible loss of 
activity. But when the dialysis was conducted 
against s-collidine-HCl buffer (4), no precipita- 
tion occurred. This treatment caused a 
decrease in specific activity to about one- 
tenth (longer the time of dialysis, the greater 
the decrease in specific activity). Among 
various metal ions so far tested (Mg**, Ca**, 
Cee pe, cue’, Cues 10-10% M aad 
Hg** and Ag*), only Hg**+ and Ag* were 
effective in reactivating the dialyzed enzyme. 
The effective concentration of Ag* was rela- 
tively high, and the precipitant of silver 
chloride was brought about in the reaction 
mixture. The addition of the optimum 
amount of mercuric ion to the dialyzed 
preparation increased the specific activity 
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about 8 to 10-fold; it was nearly equal in 
activity to the non-dialyzed enzyme. 

To determine the mercury content of the 
enzyme preparation, radioactive mercury 
Hg’? was used in the mercuric-treatment 
procedure. ‘Table III shows the relation of the 
specific activity and the mercury content at 
the various stages of preparation. 

It has been shown that the repeated 
ethanol fractionation increase the specific 
activity and the dialysis against collidine 
buffer removed the bound mercuric ion with 
a profound loss of enzymatic activity. With 
these procedures, the ratios of the activity 
to the bound mercuric ion were constant in 
spite of the variation of the specific activity. 

Effect of Salis—The high concentration of 
NaCl, KCl, NH,Cl and Na,SO, caused a 
decrease in activity (Table IV). The inhibitory 
effect of NaCl was competitive with 2, 3- 
DPGA and the effects of NaCl and EDTA 
were apparently additive. NaCl was mixed 
with the radioactive mercury bound enzyme 
solution to a final concentration of 0.5 
and incubated at 37°C for 30 minutes. The 
protein was then separated from the salts 
with the Gel-filtration method (13). The 
chromatogram in this procedure is shown in 
Fig. 1. 


Tasie III 
The Relation of the Activity and Protein-Bound-Mercury 
——_a es ae ae aes aa OES Teigis —SACLIViCVia ie, Seale 
Fraction” eeeene eer iw 5 ois eae 
ea eae mg. Protein mole Hg 
EtOH-Fr. 1 0.64 | 
Hg-Fr. | 1.44 0.071 20.3 
EtOH-Fr. 2 2E25, 0.094 | 23:9 
EtOH-Fr. 3 53 0.32 | 16.6 
Dialyzed Fr. 1 0.1 0.008 | 1192.5) 
Dialyzed Fr. 2 0.6 0.054 be 


1) Some procedures are shown in text. EtOH-Fr2 was refractionated with ethanol. 
The obtained fraction (EtOH-Fr. 3) was dialyzed against s-collidine-HCl buffer for 6 hours. 


(Dialyzed Fr. 2) or 20 hours. 


(Dialyzed Fr. 1). 


2) Contents of mercury was determined with use of its radioactivity. 
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TasLe IV 
Effects of Various Salts on the Enzyme Activity 
Concentration 
of Salts NaCl KCl | NH,Cl| Na,SO, 
(M) | 

0 100 100 100 100 
0.1 74 58 59 22 
02 45 26 17 8 
0.3 23 9 7 4 
0.4 iy 7 5 2 
0.5 13 5 4 1 


All activity was expressed as % activity of 
the control value. 


PROTEIN 


RADIOACTIVITY 
OF MERCURY 


FRACTION NUMBER 

Fic. 1. Separation of the enzyme from salt 
with gel-filtration method. 

Sodium chloride was added to the enzyme solu- 
tion (Final Fr.) labelled with radioactive mercury 
up to the concentration of 0.5M@M and incubated 
for 30 minutes at 37°C. The reaction mixture was 
run through the column of Sephadex G-25 (1 x6 cm.) 
previously washed with distilled water. The ef- 
fluent was fractionated by 1ml. Each components 
is expressed by arbitary unit. 

Enzyme protein (—@®—) is separated from salt 
(—aA-—) and the radioactivity of mercury (...O...) 
is detected in the protein fraction. 


Gel-filtration has been used for the rapid 
separation of the solutes by its size. The 
chromatogram in Fig. 1 shows that the radio- 
activity of mercury is present not in the salt 
fraction, but only in the protein fraction. 
The result indicates that the bound mercury 
cannot be eliminated from the enzyme protein 


by the salt. 

Inhibitor in Erythocytes—It has been noted 
by us that hemolysates obtained from human, 
rabbit, cow and horse erythocytes exhibit an 
inhibiting action on glycerate 2, 3-diphos- 
phatase. Further studies revealed that IRC- 
50 treated hemoglobin fraction from these 
sources as well as horse crystalline hemoglobin 
showed the same inhibitory effect on the 
enzyme which had been previously treated 
with mercuric ion (see Table V). However, 
the inhibition was no longer observed, when 
the excess of mercuric ion was added to the 
reaction mixture, as indicated in Table V. 
Furthermore, the following experiment was 
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RADIOACTIVITY 
OF MERCURY 


FRACTION NUMBER 


Fic. 2. Separation of the enzyme protein from 
added hemoglobin 

The radioactive final enzyme fraction was mixed 
with horse crystalline hemoglobin (final concentra- 
tion; 10-4 M4), or not. The enzyme and the hemo- 
globin was separated by the column of IRC-50 
(1x1.5 cm.) (see Experimental Method). The 
enzyme was eluted in the first fraction, and the 
hemoglobin was eluted with bufferized 0.5 saturated 
ammonium sulfate solution. The hemoglobin was 
eluted only 50 per cent and the residual was pre- 
cipitated in the column. The precipitation was not 
ocurred by salting-out. 

—@-—, Protein; —a— Hemoglobin; ...0.. 
Radioactivity in the presence of, and —O— in the 
absence of hemoglobin. 
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TABLE V 
Effect of the Inhibitor Obtained from Erythrocyte 
; (A) Effect on the Mercury-Treated Fraction 
Inhibitor or Mercuric Ion Added (M) * ; ei ine - 
j Relative 
IRC-5' 1) ; 
Hemolysate? | ek Mercuric Acetate Activity 
0 | 0) 0 100 ios 
2x 10-4 | 0 0 26 
0 3x 10-4 | 0 21 
2x 10-4 0 51038 66 
2x 10-4 | 0 10-3 153 
2x0 3x 10-4 5x 10-4 156 
1) Concentrations of hemolysate and IRC-50 treated hemoglobin are expressed as hemoglobin. 
(B) Effect on the Dialyzed Fraction (see Table III) 
Hemoglobin or Mercuric Ion Added (M) eine 
Crystalline Horse M : BSeS a 
Hemeelobin ercuric Acetate 
0 0 100 
0 LO 503 
10-4 10-4 66 
10-4 10-3 240 
conducted to elucidate the mechanism of from chicken breast muscle (2). These data 


inhibition. Horse c.ystalline cemoglobin was 
added to the edzyme preparation previously 
treated with isotopic mercury, and chromato- 
graphed on ion exchanger resin column. As 
indicated in Fig. 2, the radioactivity was 
transferred to the hemoglobin. These results 
indicated the inhibitor in erythyodytes was 
hemoglobin, by which mercuric ion was re- 
moved from the enzyme. 

Effect of Thiols—The predialyzed fraction 
was not affected by mercaptoethanol, cysteine, 
lipoic acid or 2, 3-dimercapto-l-propanol 
(10-°M4). However, dialyzed enzyme was 
activated two-fold by thiols or serum albumin. 


DISCUSSION 


The phosphatase activity contained in 
fresh muscle of rat or rabbit was estimated 
with use of its homogenates. The activities 
obtained by us were nearly equal to that 
reported by Sutherland ¢t al. (14), Rapo- 
port and Luebering (J), but less than that 


suggest thatthe activities are different with 
species. 

According to M&anyai and Varady 
(15), the erythrocyte phosphatase showed 
much smaller activity than the muscle phos- 
phatase, and it was activated by sodium 
bisulfite and high concentrations of salts, but 
inhibited by mercuric ion. These facts were 
also confirmed in this laboratory except that 
the activation effects were rather less than 
those reported by Manyai and Varady. 
In the case of the muscle enzyme, however, 
these reagents showed opposite effects, namely, 
sodium bisulfite and high concentration of 
salts inhibited the enzyme activity, but mer- 
curic ion activated it. These phenomena 
may suggest that the muscle phosphatase is 
different from the erythocyte phosphatase. 

The role of mercuric ion would be due 
to 1) the removal of the inhibitors or 2) the 
formation of an essential component of the 


enzyme. If the hypothetical inhibitor is 
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present in the enzyme preparation, it might 
be a large molecule snbstance (large molecule 
peptide or protein) as inferred from its non- 
dialysability. And it must be firmly bound 
to the mercuric ion relatively, because no 
effects of thiols or little effect of KCN on 
the mercuric ion treated enzyme was observed. 

Even after the purification of the protein 
was carried out through mercuric ion treat- 
ment, followed by ethanol fractionations and 
IRC-50 treatment, the activity of the enzyme 
was reduced by demercurization procedures 
such as dialysis against s-collidine-HCl buffer 
or H,S treatment. Moreover, the activity 
was restored by the addition of an optimum 
amount of mercuric ion. As shown in Table 
III, the ratio of the specific activity to the 
amount of mercury content was constant 
during some procedures. 

The optimum amount of mercury bound 
to our enzyme preparation was 0.3 to 0.54 
mole per mg. enzyme protein. This value is 
nearly equal to the amount of mercury of 
Joyce and Grisolia preparation. 

The results of our experiment may indi- 
cate that mercury is essential to the activity 
of the enzyme. 

An attempt to examine the possibility 
that the mercury plays a role really in vivo, 
is now in progress, though there remains 
another possibility that the phosphatase is 
denatured by the mercuric ion treatment and 
the obtained purified enzyme is an “artificial” 
one. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
(7) 
(8) 
(9) 
(10) 
(1) 


(72) 


(23) 


(/#) 


(15) 
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Canned fruit juice often contains a trace 
amount of tin which originates from the 
coating of the inner surface of the can. It 
was desired to obtain information about the 
absorption and excretion of such small amounts 
of the element when ingested by mouth. It 
has been reported that tin is normally pre- 
sent in a slight amount in man (/) and 
animal (2) bodies, but whether it is only a 
contaminant or has some physiological func- 
tion is unknown. ‘The metabolism of tin in 
organisms (3-6) has been reported, but with 
discrepancies, and the pharmacological action 
(7-9) of this metal has been discussed by 
others. The usual procedures for the deter- 
mination of tin in organisms (JO) are quite 
complicated, and for the investigation of the 
metabolism of such minute quantities of tin, 
a radioactive isotope would be most con- 
venient. In the present work, Sn‘! was used 
in the study of the absorption, excretion and 
distribution of this metal in rats. The ad- 
ministration was made intravenously or per 
os, as solid diets or through a gastric tube. 


EXPERIMENTALS 


Animals—Male and female rats, of approximately 
100g. weight, nourished with solid diet (Oriental 
Yeast Co. MF. Lt. 97), were used as experimental 
animals. 

Radioactivity Measurement of Sn'4®—The amount of 
radioactive tin was determined by the gamma ray 
emitted from In143m, which is the daughter element 
in equilibrium, with Sn1!8, using a well-type scintilla- 
tion counter. Sn!3 was supplied as SnCl, in dilute 
HCl. The radiochemical purity of this preparation 
was 95 per cent as determined by column chromato- 
graphy Dowex 1 (X4 chloride form)-formate system 


* The preliminary work has already been reported 


(2). 


(11). The chief contaminants were Sb!®5 and Te!25. 
The radioactivity measurements showed that In!1#m 
reached equilibrium with Sn!3 in a minimum of 24 
hours after the separation of these two elements 
with column chromatography. In actual animal ex- 
periments, however, no change of radioactivity was 
observed between the measurements directly after the 
excision of an organ and those 24 hours later on the 
same sample, indicating that In'm was already in 
eqiulibrium with its mother element before the first 
measurement. 

The Sn content of the original Sn1!83 solution was 
colorimeterically assayed with phenylfluoron**. 

Feeding of Sn'®8—The Sn1!8 solution was adjusted 
to pH 5 with NaOH and Na-citrate. For injection 
experiments, isotonicity was maintained by the addi- 
tion of NaCl. Non-radioactive stannous chloride was 
added as a Carrier in some Cases. 

Oxidized Sn!8 solution was prepared as follows: 
to a SnCl,!3 solution was added a slight excess of 
3% H,O, to oxidize the Sn+*. After heating at 60°C 
in a water bath to destroy the remaining H,O,, the 
solution was centrifuged at 3,000 r.p.m. for ten 
minutes. The supernatant was adjusted to pH 5 with 
Na citrate. 

a) Per Os Feeding with Solid Diet—A 
quantity of Sn!!8 was mixed with water and diluted 
to 100ml. To this radioactive solution were added 
80g. of the diet powder described above and 20g. of 
The viscous mixture was heated and dried at 
A mean 


suitable 


starch. 
60°C for 4 hours and divided into 100 parts. 
values of radioactivity for each piece was calculated 
from measurements of five individual ones. Each 
piece was given to a fasted rat early in the morning 
during the experimental period of one to three months 
for complete administration. Water and diet were 
given ad libitum. The animals were killed 7 days 
after the last isotope Negligible 
amounts of radioactivity were found in feces. 

b) Single Administration through a Stomach Tube— 
Radioactive Sn1!3 solution was given through a vinyl 


administration. 


** Miura, S., personal communications. 
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tube connected with an injection syringe directly into 
the stomach. 

c) Injection—From 0.5ml. to 1.0ml. of isotonic 
Sn'8, divalent or tetravalent, was injected into the 
femoral vein. 

Radioactive Measurement of Tissues and Organs—The 
animals were killed by bleeding from the carotid 
artery under anesthesia. Whole or parts of organs 
were taken into the bottom of a test tube for 7 ray 
measurements. The radioactivity was expressed as 
c.p.m. per each organ as a whole or per unit wieght. 
The total amounts of bone, blood and muscle were 
calculated as 17, 5 and 33 per cents respectively, of 
the total body weight of a rat. The radioactivity of 
bone per unit weight was a mean value for os man- 
dibularis, femur and skull, while that of muscle was 
an average of gastrocunemius and back muscles. In 
experiment of long duration, the correction for the 


decay of Sn!!3 was taken into consideration. 
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RESULTS 


Absorption and Excretion 


a) Daily Oral Administration in Solid Diets 
—The absorption of Sn'!8 after one to three 
month administration is shown in Table I. 
The increase of the amount of administered 
tin or the elogation of experimental period 
had little effect on tin absorption. 

b) Single Administration of Sn Solution 
through a Gastric Tube—The results are shown 
in Table II. Most of the tin was excreted 
in feces, while tiny amount was found in 
urine. The time course of excretion was 
shown in Fig. 1. In urine as well as feces, 
the large part of tin was excreted within 3 
days after administration. 

c) Single Injection of (divalent) Sn'°—The 


Wawa — Il 


Absorption and Excretion of Daily Oral Administration of Tin in Solid Diets 


gurhennd” ofik Adininistered Administered Amount Romaine’ in Bodies 
Animal No. Period sae tee Tin eee a, Total Activity Proportion of 
(days) ia ite ee (Excluding Aliment.. Admin. Radio- 
Canal) (c. p. m.) activity 9% 
oO 1 28 0.8 3,200 3,040 3 
Ow” 28 0.8 3,200 360 0.4 
O 3 28 | 3.5 14,300 2,140 0.5 
O 4 30 106 58,000 2,970 0.17 
Os 41 106 58,000 3,670 0.16 
O 6 61 108 16,600 1,520 0.15 
(O) 7 97 109 31,600 2,700 0.088 
O 8 97 109 31,600 15700 0.057 
Tasie II 


Absorption and Excretion by Single Administration through a Gastric Tube 


a ; : Amount Excreted | Amout Ex Pees 
Animal afer’ dein en cen hed in Urine (B) alrdec(@y BaBaG 
(day) |(epmo,Adminiswated | (com) | ce) | Ae |e) | Gp) |) 
aie y (%)) 
Sl 20 DIO) 0.9 211,000 89.3 2,550 12) 216,000 91.5 
Sez 20 2,910 ez 156,000 66.4 2,240 0.9 161,000 68.5 
S 3 12 3,650 1.6 173,000 73.4 3,540 15 180,000 76.5 


Each rat was given the solution containing 235,000c.p.m. of Sn'!3 and 35 pg. of Sn. 


Radioactive 


PROPORTION TO 
TOTAL GIVEN RADIOACTIVITY (%) 


Prices 


cretion after administration through a gastric tube. 
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PROPORTION TO 
TOTAL GIVEN RADIOACTIVITY (%) 
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Time course of cumulative Sn!"3 ex- 
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results are given in Table III and Fig. 2. The 
amount of excretion is maximum in the first 
day. The residual amount was 30-37 per 
cent. 

d) Single Injection of Tetravalent Sn'2— 
The results are shown in Table IV and Fig. 
3. The retention of Sn‘? was larger than 
that of the former cases. 


Distribution among Organs 
a) Daily Oral Administration in Solid Diets— 


PROPORTION TO 
TOTAL GIVEN RADIOACTIVITY (%) 


10} Ve 
4 | — Feces 0 V4 
= ---- Urine © V3 
es 7 bow 20 27 Gaia 7 i0 ia 20 
DAYS AFTER ADMINISTRATION DAYS AFTER ADMINISTRATION 
Fic. 2. Time course of cumulative Sn"? ex- Fic. 3. Time course of cumulative Sn!!3 ex- 
cretion after (divalent) Sn1!3 injection. cretion after Tetravalent Sn!!3 injection. 
TasiLe III 
Retention and Excretion of Intravenous Injection of (Divalent) Sn'38 
Living Period | Residual Amount (A) /AMOUDE Exciied eee (A+B+C) 
Animal after Admini- Prarie te | 
No. stration Activity pre Act. |Proport. Act. Proport.| Act. Proport. 
(days)  |(c.p.m.)| Agminisreret -/(c.p.m.)| (%) | (p.m) | (%) | (cp.m.) | (%) 
y .p.m. “Rad. (%) .p-m. .p.m. g .p.m. o 
vi | 27 76,100 S053 41,300 16.5 88,800 SOLO 206,000 82.4 
V2 28 91,500 36.6 24,800 10.0 69,100 Mail 185,400 74 
Into each rat was injected the solution containing 250,000c.p.m. of Sn!4* and 38 wg. of Sn. 
TaBLeE IV 
Retention and Excretion of Intravenous Injection of Tetravalent Sn\18 
; Amount Excreted| Amount Excreted 
: Living Period Residual Amount (A) in Urine (B) in Feces (C) (A+B+C) 
Animal after Admini- P Ee 
No. stration Activity De ateied Act. | Proport. Act. Propert. Act. Propert. 
(days) [(c.p.m.)) Agminisered |(c.p.m.)| (%) | (epam.) | (%) | (cpm) | (%) 
Ws 7 40,300 67.1 2,130 3.6 3,020 5.0 45,400 75.7 
Wwe a 20 35,400 58.9 3,360 5.6 1,860 Gel 40,600 67.6 


Into each rat was injected the solution containing 600,000c.p.m. of Sn? and 11 yg. of Sn. 
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Radioactive Tin in Rats 605. 
TaBLeE VI 
Distribution Pattern of Single Administration through a Stomach Tube 
Animal No. Sl - 2 7 : s 3 
Living Period after =rae 
Administration (day) 20 20 14 
f c.p.m. c.p.m c.p.m. c.p.m. c.p.m. c.p.m. 
pact Organs _whole organ} 100mg whole organ 100mg. | whole organ} 100mg. 
Liver 110 4.5 125 Zao 170 3.4 
Spleen 33 18 24 ey 40 1S 
Kidney 30 3.4) 29 4.9 61 9 
Adrenal 26 65 37 92 19 38.6 
Lung | 48 17 22 3.4 24 {loi 
Heart 16 4.5 24 3.4 21 2.3 
Pancreas 32 ult 16 Pee) oi 11 
Esophagus | 17 18 19 12.3 0 0 
Stomach | 14 2.3 18 ‘Boy 18 ri 
Intestine 230 16 1593} 11 210 16 
Submaxillary gland | 18 Bi 35 6.8 21 ah, 
Tongue 15 6.8 24 Bed 34 V2.7) 
Brain | 23 1 7/ 24 1 Pef Dans) 
Bone 640 4.5 820 3.4 985 4.5 
Muscle 640 eS 1,030 233 1,450 3.4 
Blood 68 1.8 21 0.34 68 1.8 
Skin 450 2.9 680 3.4 700 3.4 
| 
Experimental conditions were described at Table II. 
TasLe VII 
Distribution Pattern of Intravenous Injection of (Divalent) Sn'18 

Animal No. Vi We 

Living Period after 
Administration (day) Sas = 28 

c.p.m. __¢.p.m. Wie pa c.p.m 

Names of Organs | ~whole organ’ 100 mg whole organ 100 mg 
Liver 1,580 44 1,580 36 
Spleen 41 | 41 75 75 
Kidney 374 68 613 51 
Adrenal 35 70 37 74 
Lung 4] 1 51 14 
Heart 46 | 13 44 8 
Pancreas 54 16 56 13 
Esophagus 31 | 63 34 23 
Stomach 29 23; 50 S50) 
Intestine 300 4.6 430 5.8 
Submaxillary gland = ae 42 14 
Tongue 39 8 35 7 
Brain 30 25 29 DS 
Bone 69,000 410 84,400 445 
Muscle 3,060 On 2,150 = 
Blood 164 ad 175 Bo) 
Skin 1,300 16 1,660 10.2 


Experimental conditions 


were described at Table 


Il. 
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Taste VIII 
Distribution Pattern of Intravenous Injection of Tetravalent Sn\%8 
Animal No. We Wi WE 3} v' 4 
ape Period after Administration 0.25 0.5 7 20 
ay 
C-P-TE>| ven ri, (See | ospamnee e eoee Pema, ane 
Names of Organs oS op ae a 100me. oe rae as one 
Liver 44,200 1,110 | 33,100 | 570 32,800 664 | 31,000 | 646 
Spleen 514 514 206 | 425 7 433 188 | 791 
Kidney 110 20 G2 11 61 11 71 12 
109 20 70 11 60 10 64 | 10 
Adrenal 61 152 52 | 104 38 126 28 | 70 
Lung 166 41 118 42 601 111 45 | 12 
Heart 120 25 351 7 113 25 29 | 6 
Pancreas 49 18 66 17 32 13 27 | 9 
Esophagus 107 82 30°} 25 16 13 10 13 
Stomach 107 8 7S) 10 24 2 221 | 18 
Intestine 534 8 441 5 820 12 147 | 2 
Submaxillary Gland 9 9 15 4 35 32 | 17 | 10 
Tongue 16 4 — — 7 yD) We 3 
Brain 26 2 Z 0.1 18 2 14 | 1 
Bone 2,370 11 2,720 11 3,320 17 1,380 | 7 
Muscle 1,270 3 966 2 1,530 4 170m 3 
Blood 252 4 1455\. 02 58 1 58 1 
Skin 1,470 7 440 2 320 2 288 2 
Experimental conditions were described at Table IV. 
TABLE IX 
Site of Excretion of Sn'3 after Intravenous Injection 
Animal No. wi I WEeZ WIS v" 4 Wize o) VZ86 
Injected Radioactivity 170,000 c.p.m, 50,000 c.p.m. 
pe fe et to z 68 se 
c.p.m c.p.m. c.p.m c.p.m ‘C.p.m. | c.p.m. 
Names of Organs ee iret re rons: cick Td0me Gite Tobe. ree “Td0nae atae Tone 
organ organ organ ; organ * | organ ‘ organ 8: 
Esophagus 8 13 32 46 9 13 12 17 18 5 1 0.2 
Stomach 95 11 478 39 159 12 108 9 19 3 33 | 4 
Intestine | 19 4 65 26 166 33 46 16 42 5 15 7 
2 45 4 139 23 63 10 67 9 33 4 167 2 
3 163 13 490 38 79 13 82 i — = ee!" ges 
4 137 13 150 23 56 10 96 16 25 4 2 | 4 
3) 3 iL 220 38 324 26 163 15 
6 108 31 417 13 120 16 223 33 115 22 8 ] 
(Cecum) 7 20 4 | 1,660 85 404 24 814 48 135 21 19 2 
8 25 3 217 34 46 84 31 84 25 5 2A| 3 
9 19 4 va) 12 10 4 194 43 21 12 — — 


Radioactive Tin in Rats 


As shown in Table V, no charachteristic 
distribution pattern was obtained. With 
longer experiments this trend did not change. 
The most radioactive organ per unit weight 
was the adrenals. 

b) Single Administration of Sn'3 Solution 
through a Gastric Tube—The results were similar 
to those of case (a) as shown in Table VI. 

c) Single Injection of (divalent) Sn3—Bone 
was the tissue richest in Sn3 as shown in 
Table VII. A small amount of tin was 
found in the intestine, a fact which might 
indicate excretion of this metal by this route. 

d) Single Injection of Tetravalent Sn'83— 
Most of the injected tin was found in the 
reticulo-endothelial organs. (Table VIII) No 
change of distribution pattern was observed 
with the length of the experimental period. 


Site of Excretion in Intestine after Single 
Injection of (divalent) Sn'*8 


The excretion of Sn™* in different parts 
of alimental canal after a single injection of 
Sn!!3 is shown in Table IX. The intestine 
was divided into 9 nearly exual length. The 
lower parts of the alimental canal showed 
relatively high activity in the early experi- 
mental period. No radioactivity was found 
in blood six hours after injection. 


DISCUSSION 


The large part of tin administered per os 
was excreted and unabsorbed. That heavy 
metals are absorbed with difficulty (/2) as 
compared with alkaline earths is a well known 
fact. Tin might be a typical example of 
these heavy metals. We could assume that 
most of the solubilized tin in canned juice 
also is unabsorbed and excreted in the feces. 
But our experiments clearly showed that tin 
was, though in tiny amounts, absorbed and 
then excreted. In the injection experiments, 
more Sn'!° was found in urine than in feces 
(except one case) which is similar to the 
case of Mn excretion (/2). The relatively 
high Sn‘ content of the lower intestine in 
the early period is to be studied further to 
determine whether it results from excretion 
or retention. 
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No characteristic distribution of tin 
among organs was found in oral feeding, 
while injected reduced Sn'!® was mainly 
found in bone and the oxidized metal in the 
reticulo-endothelial system. In every case the 
adrenals accumulated high radioactivity, the 
significance of which is not easy to explain. 
Divalent tin might be deposited in bone in 
place of calcium ion whereas colloidal tetra- 
valent tin particles be captured by reticulo- 
endothel organs, as demonstrated in the case 
of gold, iron and other colloidal solutions. 
That the retention of tin was larger in the 
oxidized Sn1!3 injection was also in accordance 
with the accumulation of this metal in the 
reticulo-endothelial system. Different admin- 
istration methods gave different distribution 
patterns. In order to explain this fact the 
possibility of redistribution of tin via blood 
vessels was considered, for the presence of tin 
in human blood has been reported. (a), and 
in the case of poisoning with lead, an ele- 
ment in the same family as tin, lead is believed 
first to accumulate in the visceral organs and 
then to move to bone (/3). The time course 
study of the distribution pattern was to de- 
termine if such a redistribution might take 
place, but in no case, oral or injection, was 
a change in distribution pattern observed. 
Tin seems to be a less mobile element. If 
this element is captured by tissues or organs, 
it is dificult to remove. But, tin is really 
excreted and has been reported to be in 
blood. These discrepancies are to be studied 
further. 


SUMMARY 


1. The absorption, excretion and distri- 
bution of Sn'8 were studied in rats after per 
os feeding and injection. Almost all of the 
administered tin was not absorbed. A small 
part was absorbed and then excreted. 

2. The injected tin was more excreted 
into urine in larger amount than into feces. 
The injected divalent Sn"? was accumulated 
in bone, whereas the tetravalent metal in the 
reticulo-endothels. High radio-activity was 
found in the lower intestine shortly after the 


injection of Sn'. 
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Thanks are due to Prof. H. Yoshikawa for 


his helpful discussions. 
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Zur Beeinflussung des Ubichinongehaltes der Leber wachsender Ratten 
durch verschiedene Diatformen 


Von O. Wiss und G. BRUBACHER 


(aus der Abteilung fiir Vitamin- und Erndhrungsforschung der F. Hoffmann-La Rosche & Co. 
A. G. Basel, Schweiz) 


(Der Schriftleitung zugegangen am 22 April 1961) 


Kiirzlich haben U. Gloor, O. Schind- 
ler-und? OQ: W iss, (J) gezeigt, dass der 
Rattenorganismus imstande ist, die ganze 
Seitenkette von Ubichinon(50) resp. Ubichi- 
non(45) (Formeln I und II) zu synthetisieren. 
In einer weiteren Arbeit konnte ferner nach- 
gewiesen werden, dass die Methylradikale 
der beiden kernstandigen Aethergruppen 
ebenfalls im Tierkérper eingefiihrt werden, 
wobei Methionin als Methyldonator dient (2). 
Der Ursprung des benzochinoiden Kernes 
hingegen ist vorlaufig noch ungewiss. 


@ 
CHO, }\ CH, 
| | CH, 
CHO” § 
O 
O 
CHO, } CH, 
| | CH, 
| 
CH;0 I ‘CH, —CH=|-C—CH, 
O 
Die Tatsache, dass  strukturverwandte 


Verbindungen, ;wie Vitamin E und K, dem 
Organismus zugefiihrt werden miissen, ohne 
dass dieser in der Lage ware, dieselben zu 
synthetisieren, lasst vermuten, dass auch im 
Falle von Ubichinon eine Verbindung zuge- 
fiihrt werden muss, in welcher der benzochi- 
noide Kern bereits vorgebildet ist. Eine 
solche Verbindung muss nicht unbedingt 
lipoidldsliche Eigenschaften aufweisen, da ja 
Seitenkette und Methylgruppen erst im tieri- 
schen Organismus angefiigt werden. Wir 
haben daher, um eine solche eventuell wasser- 


lésliche Vorstufe nachweisen zu _ kénnen, 
verschiedene Didtformen an wachsende Rat- 
ten verfiittert und nach bestimmten Zeitab- 
standen die Leber der Tiere 
Ubichinongehalt analysiert. Dabei gingen 
wir von der Arbeitshypothese aus, dass bei 
einer Diat, welche die unbekannte Vorstufe 
in erhédhtem Masse enthalten wiirde, sich 
dies daran zu erkennen geben sollte, dass der 
Ubichinon-gehalt der Leber in entsprechendem 
Ausmass gesteigert wiirde. Im folgenden sei 
iiber die durchgefiihrten Versuche berichtet. 


auf ihren 


CH, 
| 


I=Ubichinon (50) 


( “CH, —CH- EOeCH, CH, CH--C=CH, 


9 


I[=Ubichinon (45) 


CH, —CH-=|-C—CH, 


8 


EXPERIMENTELLES UND RESULTAT 


Versuchstiere—Fir alle Versuche wurden 
Wistar-Ratten aus eigener Zucht verwendet. 
Die Tiere wurden mit 3 Wochen abgesetzt, 
sie kamen anschliessend in Einzelkafige und 
erhielten die angegebenen Spezialdiaten. 

Didten—Die von uns verwendeten Diaten 
beruhen auf systematischer Abwandlung der 
von M.O. Schultze (3) angegebenen For- 
meln. Die Diaten wurden mindestens alle 
10 Tage frisch gemischt, ihre Zusammensetz- 
ung geht aus Tabelle I hervor. 
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TABELLE I 
Rattendidten (Angaben in Gramm) 
; Bestandteil S 1116 SU S$ 1118 S$ 1119 S$ 1121 Set? S25 
Saccharose 74.546 
Glucose 74.546 74.546 74.546 74.546 
Fructose 74.546 
Reisstarke 74.546 
Casein (Vitaminfrei) 17.84 17.84 17.84 17.84 18.140 
Lactalbumin 8.0 
Gelatine 10.0 
Soya-a-Protein 18.140 
pL-Methionin 0.3 ORS 0.3 0.3 
L-Histidin-mono-HCl 0.140 
Salzmischung I 4 4 4 4 4 4 ue 
Big) or Mises Mise ane 2 2 2 2 | 2 2 2 
Rovimix A+B,+D, 0.024 0.024 0.024 0.024 0.024 0.024 0.024 
Rovimix E 0.040 0.040 0.040 0.040 0.040 0.040 0.040 
BA eres CS 5 1.25 1.25 1.25 1.25 1.25 1.25 
Komplex 
Total: 100¢ 100 ¢ 100 ¢ 100¢ 100 ¢ 100 g 100 g 
Fir die Herstellung der Didten verwen- Calciumpantothenat 2,500 mg 
deten wir méglichst reine Handelsprodukte. Nikotinsaureamid 1,000 mg 
Als Lactalbumin diente das Lactalbumin der Inosit 20,000 mg 
Fa. Nutritional Biochemicals Corporation Folsdure 10 mg 
(Cleveland/Ohio), das im Soxhlet mit Aceton MEE EA OG 2,00 te 
Menadion 250 mg 


erschépfend extrahiert wurde. Gelatine wurde 
ebenfalls im Soxhlet erschépfend extrahiert. 
Bei Soya-a-Protein handelt es sich um ein 
Produkt der Central Soya-Company Inc. 
(1825 N Laramie Avenue, Chicago 39/111.). 


Die Salzmischung enthalt : 


Natriumchlorid 5.00 % 
Calciumlacetat 35.00 % 
Tricalciumphosphat 15.00 % 
Eisen(II])citrat 3.21 % 
Kalium jodid 0.09 % 
Kupfersulfat 0.03 % 
Magnesiumsulfat 5.50 % 
Kaliumphosphat 26.527% 
Natriumphosphat 9.60 % 
Zinkcarbonat 0.02 % 
Mangansulfat 0.02 % 
Natriumfluorid 0.003% 


Die Zucker-Vitamin-Mischung enthalt : 


Thiaminhydrochlorid 250 mg 
Pyridoxin 250 mg 


Diese Mengen werden in 973.74g Rohr- 
zucker eingemischt. Das Vitamin B,.-Konzen- 
trat bestand aus einer Mischung von | mg. 
Vitamin B,, und 1g p-Mannit. 


Rovimix A, B, D3, resp. Rovimix E sind 
stabile Vitamintrockenformen. Rovimix A, 
B,, D; enthalt 40,0001IE. Vitamin A, 40mg 
Vitamin B, und 10,000 IE. Vitamin D; pro 
Gramm Trockenpulver. 

Rovimix E enthalt 250mg p1L-a—Toko- 
pherolacetat pro Gramm Trockenpulver. Der 
Methyllinoleat-Harnstoffkomplex wurde durch 
Zusammengeben von 125g Linolsauremethyl- 
ester und 500g Harnstoff in wenig Methanol 
hergestellt. 

Zu je [kg Diadt wurden unmittelbar vor 
Gebrauch 1g Cholinchlorid eingemischt. Die 
Diatmischungen wurden in_ verschlossenen 
Biichsen bei ca. 4°C aufbewahrt. 

Analytik—Zur Bestimmung des Ubichinon- 
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gehaltes der Leber haben wir eine Farbreak- 
tion verwendet, die Ubichinon mit Essigsau- 
reanhydrid in Schwefelsdure-Eisessig eingeht. 
Diese Farbreaktion ist sehr spezifisch, indem 
unter den gewahlten Versuchsbedingungen 
500 yg folgender Verbindungen folgende Ex- 
tinktionen ergaben : 


puL-a-Tokophrol nicht messbar 


pu-a-Tokopherolacetat do. 
Vitamin K, do. 
Pflanzliches Chinon (4) do. 
Solanesol 0.001 


Cholesterin 0.004 


500 wg Ubichinon (50) dagegen zeigen unter 
den Versuchsbedingungen eine Extinktion 
von 0.117, 500 4g Ubichinon (45) eine solche 
von 0.135, 500 4g Ubichinon(30) eine solche 
von 0.165 und eine synthetische Verbindung, 
die anstelle der Ubichinon-Seitenkette die 
Phytyl-Seitenkette aufweist (5), eine solche 
von 0.258. 

Die mit den Verbindungen der Ubichi- 
nonreihe entstehende Blaufarbung ist ausserst 
fliichtig und verschwindet bereits nach zwei 
Minuten. Die nach 30 Sek. abgelesene Ex- 
tinktion folet im Bereich von 200-1000 yg 
dem Lambert-Beer’schen Gesetz. Im Gegen- 
satz zum Verhalten von Ubichinon gibt 
Vitamin A unter den Reaktionsbedingungen 
eine Blaufarbung, die auch nach zwei Minuten 
bestehen bleibt. Die Anwesenheit von Vita- 
min A ergibt sich damit leicht zu erkennen. 
Bei Anwesenheit von Vitamin A muss eine 
chromatographische Reinigung eingeschaltet 
oder auf die Verwendung der Farbreaktion 
verzichtet werden. Als praktische Ausfihrung 
haben wir folgendes Vorgehen gewahlt: 


Bestimmung von Ubichinon in der Leber 

1.) Verseifung der Leber—Ein  aliquoter 
Teil einer Leber, der mindestens 200 yg 
Ubichinon enthalten soll, wird mit dem glei- 
chen Volumen methanolischer KOH (a) und 
einigen Kristallen Pyrogallol (b) 15 Minuten 
auf dem kKochenden Wasserbad erhitzt, man 
fiigt 20ml Methanol (c) und wenige ml 
Wasser hinzu, bringt in einen Scheidetrichter 
und spilt mit ca. 30-40ml Wasser nach. 
Man schiittelt mit je 100ml Aether (d) zwei 
mal aus, vereinigt die Atherischen Phasen, 


wascht mit Wasser bis zur neutralen Reaktion, 
trocknet mit Na,SO, (e) und bringt nach 
Filtration im Vakuum zur Trockne. 

2.) Chromatographische Trennung von Vitamin 
A.—Das Unverseifbare der Leberlipide wird 
in 5ml Cyclohexan (f) aufgenommen und an 
einer Aluminiumoxydsaule chromatographiert, 
die dreissigmal das Gewicht des Unverseif- 
baren an Al,O; (g) enthalt. Man bringt die 
Substanz auf und spiilt mit 20ml Cyclohexan 
nach, dann wird mit 20ml Cyclohexan- 
Aether 2% (h) eluiert, das Eluat am Vakuum 
eingedampft und nochmals an einer Sdule, 
enthaltend 1g Al,O; (g), chromatographiert. 
Die mit Cyclohexan-Aether 2% (h) eluierte 
Fraktion zeigt im Gebiet des Ubichinonmaxi- 
mums beinahe keine Fremdabsorption; der 
Ubichinongehalt kann darin entweder spektro- 
photometrisch oder kolorimetrisch bestimmt 
werden. 

3.) Bestimmung: a) Kolorimetrische Bestim- 
mung von Ubichinon.—Der Riickstand, der min- 
destens 200 vg Ubichinon enthalten soll, wird 
mit 2ml einer Mischung von konzentrierter 
Schwefelsaure und Eisessig (i) geloést, man 
fiigt 4ml Essigsaureanhydrid (k) hinzu und 
liest die Extinktion der erhaltenen Lésung 
nach genau 30 Sekunden bei 570 my ab, wobei 
eine Lésung von 2ml konzentrierter Schwe- 
felsaure-Eisessig (1) und 4m]. Essigsau rean- 
hydrid (k) als Blindwert dient. 

b) Spektrophotometrische Bestimmung.—Der 
ubichinonhaltige Riickstand wird in hochsie- 
denden Petrolather (/) aufgenommen und 
das Absorptionsspektrum der Lésung zwis- 
chen 220my und 360my bestimmt. Der 
Ubichinongehalt errechnet sich dann unter 
Zugrundelegung eines E}%,-Wertes von 170 fiir 
eine Wellenlange von 272 mp. 

Die spektrophotometrische Methode gibt 
in der Regel niedrigere Analysenwerte als die 
kolorimetrische Methode. Unter normalen 
Umstanden liegen die beiden Analysenwerte 
jedoch héchstens 30% voneinander. Sollte 
der spektrophotometrische Wert mehr als 30% 
héher liegen, so muss dies auf Fremdabsorp- 
tion zuriickgefiihrt und der spektrophoto- 
metrische Wert verworfen werden. Anderseits 
kann das Spektrum durch Auftreten eines 
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Vitamin A anzeigen. In diesem Fall muss 
der kolorimetrisch bestimmte Wert verworfen 
werden. 


4.) Reagentien 


a) Methanolische KOH: 25g KOH werden in ab- 
solutem Methanol aufgelést und auf 
100 ml aufgefillt ; 

b) Pyrogallol: Handelsware 

c) Methanol: absolut 

d) Aether: absolut 

e) Na,SO,: Handelsware 

f) Cyclohexan: reinst. fiir Chromatographie. 

K4ufliches Cyclohexan kann eine bei 

ca. 270myp absorbierende Verunreini- 

gung enthalten und sollte aus diesem 

Grunde vor Gebrauch destilliert wer- 

den. 

100g Aluminiumoxyd ‘“‘ Giulini”’, Ak- 

tivitatsstufe I, werden mit 7 ml Wasser 


g) Al,O3 : 


desaktiviert. 

h) Eluiergemisch: Cyclohexan-Aether 2%, 
98ml Cyclohexan werden mit 2ml 
Aether gemischt. 

i) Schwefelsdure-Eisessig: 4.9g Schwefelsaure kon- 
zentriert, pro anal. werden mit Eisessig 
pro anal. auf 100ml aufgefiillt. 

k) Essigsdureanhydrid: mindestens 98%-ig. 

1) Petrolather: optisch rein, hochsiedend. 


Maximums bei ca. 325my Anwesenheit von 

Weder bei der kolorimetrischen, noch bei 
der spektrophotometrischen Bestimmung wur- 
de zwischen Ubichinon (50) und Ubichinon 
(45) unterschieden. Der Einfachheit halber 
wurden dieRes ultate als Ubichinon (50) berech- 
net. Die Rattenleber enthalt in der Regel 
neben Ubichinon (50) (ca. 20-30%) in grésseren 
Mengen Ubichinon(45) (ca. 70-80%) und Spu- 
ren der Ubichinone (35) und (40) (6). Nun 
zeigt Ubichinon(50) einen E}.#-Wert bei 272 
my von 168-170, wahrend bei Ubichinon (45) 
derselbe 186-188 betragt; das Verh4ltnis ist 
somit 0.9. Fir die Farbreaktion betragt das 
Verhaltnis der E).“-Werte 0,87. Es sind also 
innerhalb der Analysengenauigkeit fiir die 
spektrophotometrische Methode  dieselben 
Werte zu erwarten wie fiir die kolorimetrische, 
unabhangig davon, in welchem Verhiltnis 
die beiden Ubichinone vorliegen. 

In dreizehn aufeinander folgenden Bestim- 
mungen von dreizehn verschiedenen Leber- 
proben betrug der Unterschied zwischen 


KORPERGEWICHT (g.) 


i ae Ee ae ee ne 
oO! 5 {0 15 


ZEIT (Wochen) 


Fic. 1. Gewichtsentwicklung von m4annlichen 
Ratten nach Verabfolgung folgender Diaten: An 
den mit | bezeichneten Stellen wurden jeweils 3 
Tiere getélet. 

Diat $1116 Saccharose, --- Diat $1117 Glu- 
cose, —-— Diat $1118 Fructose, ...... Diat S 1119 
Starke, —— Diat S$ 1116+60 mg Ubichinon(50)/ke. 
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Fic. 2. Ubichinongehalt von Lebern mann- 
licher Ratten nach Verabfolgung folgender Diaten : 
Diat $ 1116 Saccharose, --- Didt $1117 Glu- 
COSCyAE Diat S 1118 Fructose, ...... Diat $1119 


ny Diat $1116+60mg Ubichinon (50)/ 
g. 
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kolorimetrischer und spektrophotometrischer 
Bestimmung: +1.5%, +1.9%, +0.06%, +22%, 
+15%, +8.4%, +9.1%, +2.0%, +5.7%, 8.4%, 
+0.6%, +0.09%, +11.9%. Fir unsere prak- 
tischen Zwecke wurde, soweit die Werte nicht- 
mehr als 30% auseinander liegen, stets der 
Mittelwert zwischen den beiden Bestimmungs- 
arten gewahlt. 


Durchfihrung der Versuche und Ergebnisse 


In einer ersten Versuchsserie wurden je 
zwanzig mannliche Ratten im Gewicht von 
30-40 g auf unsere Versuchsdiaten S 1116, S 
1117, S 1118 und S 1119 gesetzt, als finfte 
Gruppe wurde schliesslich eine Gruppe von 
Tieren gebildet, die zusatzlich mit ihrer Diat 
S 1116 noch 60mg Ubichinon(50)/ke Futter 
erhielt. Im Abstand von 1, 2, 4, 6, 10 und 
16 Wochen wurden je drei Tiere getétet. Die 
Lebern der Tiere wurden herausprapariert 
und der Ubichinongehalt bestimmt. In Fig. 
1 ist die Gewichtsentwicklung der Tiere, in 
Fig. 2 sind die Mittelwerte fiir die Ubichi- 
nongehalte in wg/g Leber-Frischgewebe, und 
in Fig. 3 die Mittelwerte fiir die totalen 
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Fic. 3. Ubichinongehalt von Lebern mann- 
licher Ratten nach Verabfolgung fogender Diaten : 
Diat $1116 Saccharose, ~-- Diat $1117 Glu- 
cose, ——-— Diat $1118 Fructose, ...... Diat $1119 
Starke, —— Diat $1116+60mg Ubichinon (50)/ 
kg. 
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Fic. 4. Gewichtsentwicklung von m&nnlichen 

Ratten nach Verabfolgung folgender Didten: An 
der mit | bezeichneten Stellen wurden jeweits 3 
3 Tiere getétet. 
-~-- Didt $1117 Glucose-Casein-Methionin, --- 
Diat $1121 Glucose-Casein, —--— Diat $1122 
Glucose-Lactalbumin, Diat $1123 Glucose- 
Soyaprotein, ==. Diat $1117+60mg Ubichinon 
(50)/kg. 
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Fic. 5. Ubichinongehalt von Lebern mann- 
licher Ratten nach Verabfolgung folgender Diaten : 
—~--— Diat $1117 Glucose-Casein-Methionin, ...... 
Diat $1121 Glucose-Casein, —-— Diat $1122 
Glucose-Lactalbumin, Diat $1123 Glucose- 
Soyaprotein, --— Diat $1117+Ubichinon (50) 
60 mg/kg. 
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Ubichinonmengen dargestellt. 

In einer zweiten Versuchsserie wurden 
wiederum je 20 Tiere im Gewicht von 30-40 
g auf unsere Versuchsdiaten S 1117, S 1121, 
S 1122 und S 1123 gesetzt und eine fiinfte 
Gruppe erhielt wiederum Diat S 1117, der 
noch 60 mg/kg Ubichinon(50) zugesetzt wor- 
den war. Die Tiere wurden in derselben 
Reihenfolge wie in unserem ersten Versuch 
getétet und die Lebern auf ihren Ubichinon- 
gehalt untersucht. Die Ergebnisse dieser 
zweiten Versuchsserie sind aus den Figuren 
4-6 ersichtlich. 
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Fic. 6. Ubichinongehalt von Lebern mann- 
licher Ratten nach Verabfolgung folgender Diaten : 
~-- Diat $1117 Glucose-Casein-Methionin, --- 


Diat $1121 Glucose-Casein, —-— Diat $1122 
Glucose-Lactalbumin, Diat $1123 Glucose- 
Soyaprotein, -==— Diat S1117+Ubichinon (50) 
60 mg/kg. 


O. Wiss und G. BRUBACHER 


dass der Ubichinongehalt der Leber inner- 
halb gewisser Grenzen, ausgedriickt in yg/g, 
bei den Tieren, die kein Ubichinon zusatzlich 
mit der Nahrung erhielten, konstant ist. Fir 
die Diaten S 1116 (Saccharose-Casein-Methio- 
nin), S 1117 (Glucose-Casein-Methionin) und 
S 1122 (Glucose-Lactalbumin-Gelatine)schwan- 
ken die gemessenen Werte zwischen 120 
und 180 ug/g, Diese Zahlen stellen den Mit- 
telwert von drei Leberwerten dar, die Ein- 
zelwerte sind selbstverstandlich grésseren 
Schwankungen unterworfen, doch kamen 
Einzelwerte, die 100 vg/g unterschritten, resp. 
200 vg./g. iberschritten, nur selten vor. 

Fiir die Didten S 1118 (Fructose-Casein- 
Methionin), S 1119 (Starke-Casein-Methionin) 
und S 1121 (Glucose-Casein) wurden Werte 
zwischen 130 und 240 e/g gefunden; es 
liegt damit deutlich eine Tendenz fiir héhere 
Ubichinongehalte bei diesen Diaten vor, eine 
Tendenz, die in gewissen Fallen auch statis- 
tisch gesichert werden konnte. So gehen die 
Einzelwerte fiir die vierte Versuchswoche der 
ersten Versuchsserie aus Tabelle II hervor. 

Eine Streuungszerlegung mit anschliessen- 
dem F- resp. t-Test zeigt mindestens 95%- 
ige Wahrscheinlichkeit fiir eine Signifikanz 
der Unterschiede zwischen S 1116 resp. S 1117 
einerseits und § 1118, S 1119 und S 1116+ 
Ubichinon anderseits an. . 

Die entsprechenden Einzelwerte fiir die 
vierte Versuchswoche der zweiten Versuchs- 
serie gehen aus Tabelle III hervor: 

Eine Streuungszerlegung zeigte in diesem 
Fall keine signifikanten Unterschiede an. Die 


DISKUSSION Versuchsergebnisse in dieser zweiten Versuchs- 
Aus den Figuren 2 und 5 geht hervor, serie streuten erheblich starker als dieje- 
TABELLE II 
Einzelwerte fiir die Ubichinongehalte der Leber der Tiere der ersten Versuchsserie, 
gemessen nach 4 Wochen Versuchsdauer 
Diat: S 1116 S 1117 S 1118 S 1119 S 1116+ 
: (Saccharose) (Glucose) (Fructose) (Starke) Ubichinon 
é | =s 
142 130 180 181 179 
Ubichinongehalt in pg/g 169 124 180 209 228 
| 146 120 202 183 198 
Mittelwert : 152.3 124.7 197.3 191 201.7 
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TABELLE III 


Einzelwerte fiir die Ubichinongehalte der Laber der Tiere der zweiten Versuchsserie, 
gemessen nach 4 Wochen Versuchsdauer 


ee eae S 1121 S 1122 _ ere ae ie 
yd Methionin) (Casein) (Lactalbumin) | (Soyaprotein) Ubichinon 
164 251 193 77 235 
Ubichinongehalt in g/g | 84 142 212 80 161 
160 135 172 201 
Mittelwert : 136 176 162 78 199 


nigen der ersten Versuchsserie, ohne dass wir 
einen Grund dafiir gefunden hatten. Immer- 
hin spricht die Tatsache, dass auch in der l1., 
2., 6. und 10. Versuchswoche die Resultate 
der Diat S 1121 héher lagen als diejenigen 
der Diat S 1117, sehr fiir das Vorliegen eines 
wesentlichen Unterschiedes. 

Wie aus den Figuren 3 und 6 hervorgeht, 
ist die Erhdhung des Leberubichinongehaltes 
nicht nur relativ, sondern auch absolut vor- 
handen und nicht etwa durch ein kleineres 
Lebergewicht zu erklaren. 

Interessanterweise lagen nach 16 Versuchs- 
wochen alle Mittelwerte im Bereich von 
132 uwg/g—164 we/g, wobei vor allem der 
starke Abfall im Leberubichinongehalt der 
Tiere interessiert, die mit ihrer Diat Ubichinon 
(50) zugefiittert erhalten hatten. Es scheint 
damit, dass der Rattenorganismus iiber einen 
Mechanismus verfiigt, der ihm gestattet, den 
Ubichinongehalt innerhalb gewisser Grenzen 
konstant zu halten. 

Der raschere Anstieg in den Ubichinon- 
werten nach Fructose resp. Starkezufuhr im 
Vergleich mit einer Saccharose- resp. Gluco- 
sediat kénnte auf verschiedene Griinde zu- 
riickgefiihrt werden. Modglicherweise enthalt 
Starke oder Fructose im Sinne unserer Ar- 
beitshypothese als Verunreinigung eine Vor- 
stufe, die durch Biosynthese im Rattendarm 
oder im Rattenorganismus in Ubichinon 
iibergefiihrt werden kann. Es ist jedoch auch 
denkbar, dass der erhdhte Leberubichinonge- 
halt durch Veranderung der Darmflora oder 
des Gesamtstoffwechsels bewirkt wird. Schliess- 
lich sei in diesem Zusammenhang an eine 
Untersuchung von Portman ée al. (7) 


erinnert, wonach der Serumcholesterinspiegel 
nach Verfiitterung einer cholesterinhaltigen 
Saccharosediat hoéher ist als nach Verfiitterung 
einer entsprechenden Starkediat. Die Autoren 
bringen den Effekt in Zusammenhang mit der 
erhéhten Ausscheidung von Gallensauren nach 
Verfiitterung von Maisstarke. 

Der erhéhte Ubichinongehalt bei der 
Diat S 1121 im Vergleich zur Didt S 1117 in 
der zweiten Versuchsserie kann nicht auf das 
Vorliegen einer Vorstufe in Didt S 1121 
zurickgefiihrt werden, da sich Diat S 1121 
lediglich durch einen kleineren Methioninge- 
halt von Diat S 1117 unterscheidet. 

Der Ubichinongehalt von Rattenlebern 
wurde schon von verschiedenen Autoren 
untersucht, wobei foleende Befunde gemacht 
werden konnten: 

Vitamin A-Mangel fihrt zu Erhéhung 
des Ubichinongehaltes der Leber. Dieser 
Umstand war bekanntlich bei der Entdeckung 
der Ubichinone durch R.A. Morton und 
seine Schule massgeblich beteiligt. Die 
Verhaltnisse wurden kiirzlich von T. Moore 
und IM: Sharman: 1@), diskutiertay 7): 
Green et al. (9) fanden, dass weder Mangel 
noch Angebot an Thiamin oder Riboflavin 
den Ubichinongehalt der Rattenleber zu 
beeinflussen vermag. Pantothenséuremangel 
hingegen fihrte zu Erhéhung des Ubichinon- 
gehaltes, im Gegensatz zu Befunden von 
Aiyar et al. (10). Die Verhaltnisse bedtrfen 
daher noch weiterer Abklarung. 

Vitamin E-Mangel zog ein Absinken des 
Ubichinongehaltes in verschiedenen Geweben 
nach sich, wahrend Vitamin E-Zufuhr den- 
selben erhéhte. Auch dieser Befund steht im 
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Gegensatz zu solchen anderer Autoren (JJ, 
12). Die Verhaltnisse miissen daher ebenfalls 
weiter untersucht werden. Natriumselenit- 
zufuhr (9) und Thyroxinzufuhr (/3) fiihren 
ebenfalls zu einer Erhéhung des Ubichinonge- 
haltes der Leber, wahrend Vitamin K-Mangel 
keinen Einfluss auf den Ubichinongehalt von 
Rattenlebern zu haben scheint (/4). 

Es ware bei dem mit Diat S 1121 beobach- 
teten Effekt am ehesten an eine 4hnliche 
Wirkung zu denken, wie sie bei Vitamin A- 
Mangel oder bei Thyroxinzufuhr auftritt. 
Merkwiirdigerweise konnten wir eine solche 
Beobachtung jedoch bei Diat S 1123 nicht 
machen. Didt S 1123 ist eine ausgesprochene 
Methionin-Mangeldiat (siehe z.B. Olson 
und Dinning, /5). Das Wachstum der 
damit gefiitterten Tiere ist Ausserst schwach, 
jedoch bewegen sich die gefundenen Leber- 
ubichinonwerte gleichwohl zwischen 80 und 
175 vg/g, also Werten, wie sie auch bei einer 
Volldiat angetroffen werden. Wir glauben 
daher, den Einfluss von Methionin auf den 
Ubichinongehalt der Lebern noch _ weiter 
untersuchen zu miissen, bevor wir den gema- 
chten Befund beurteilen kénnen. 

Die in unseren Versuchen verwendeten 
Diaten bestanden zur Hauptsache aus einer 
Kohlehydrat- und einer Proteinquelle, wobei 
wir nach Moglichkeit hochgereinigte definierte 
Substanzen verwendeten. Es ist unwahrschein- 
lich, dass in all diesen Substraten eine even- 
tuelle biochemische Vorstufe in gleicher Kon- 
zentration vorhanden ware. Unsere Arbeits- 
hypothese, dass sich eine erhéhte Konzentra- 
tion einer solchen Vorstufe in einer erhdhten 
Speicherung von Ubichinon in der Leber 
wiederspiegeln wiirde, ergab lediglich fiir die 
Diaten, welche Fructose oder Starke enthielten, 
Anhaltspunkte fiir das Vorliegen einer derar- 
tigen Vorstufe. Anderseits zeigte es sich aber, 
dass der Organismus imstande ist, den Leber- 
ubichinongehalt innerhalb gewisser Grenzen 
unabhangig von der jeweiligen Zufuhr kon- 
stant zu halten. Eine solche Tendenz muss 
aber wohl so gedeutet werden, dass der Ver- 
bindung oder einem ihrer Derivate im Stoff- 
wechselgeschehen eine bestimmte Regelfunk- 
tion zukommt, wobei das jeweilige Niveau 


durch die derzeitige Stoffwechsellage bestimmt 
sein kann, wie dies z.B. bei Vitamin A-Mangel 
oder bei Thyroxinzufuhr der Fall ist. 

Inwieweit es sich bei dem fir Starke resp. 
Fructose beobachteten Effekt um das Vor- 
handensein einer biologisch wirksamen Vor- 
stufe handelt, wird durch weitere Versuche 
abzuklaren sein. 


SUMMARY 


Rats were fed different diets and the 
ubiquinone content in the liver of these ani- 
mals was investigated by means of a specific 
reaction. It was found that the normal 
ubiquinone content in rat liver is very con- 
stant, lying between 120 to 180 g/g liver 
tissue for diets containing saccharose or glu- 
cose as source of carbohydrates, and casein, 
lactalbumin or soya-a-protein as source of 
proteins. Contrary to these findings, the 
ubiquinone content of the livers of rats fed 
a diet with starch or fructose instead of sac- 
charose or glucose is significantly higher and 
lies between 130 and 240 we/g liver tissue. 
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Little has been known about the reduction 
of uronic acid to the corresponding aldonic 
acid. A few examples have been presented 
of the reduction of hexuronic acids, viz. the 
reduction of p-glucuronic acid or its lactone 
by TPNH* (/-4) and that of some keturonic 
acids by DPNH (5-8). 

On the other hand, it has been established 
by several workers that the immediate 
precursor of L-ascorbic acid in animal tissue 
is L-gulonolactone (9-19). However, the 
mechanism of formation of the lactone has 
not yet been elucidated completely. Previously 
ut Hassan and Lehninger (1) showed 
the reduction of p-glucuronate or the cor- 
responding lactone by TPNH with crude rat 
liver extract; they considered that the enzyme 
might react with p-glucuronate and that the 
effectiveness of p-glucuronolactone might be 
due to the intermediary formation of p- 
glucuronate through the action of lactonase. 
Ishikawa and Noguchi (3) in this la- 
boratory observed that p-glucuronate was 
formed from L-gulonate by the reverse reac- 
tion of this enzyme. The reduction of p- 
glucuronolactone was also observed in the 
reaction catalyzed by aldose reductase from 
sheep seminal vesicle (2), and Hers suggested 
the direct conversion of p-glucuronolactone 
to t-gulonolactone without taking into con- 
sideration on the action of lactonase (20). 

In the course of the studies on the forma- 
tion of ascorbic acid, Yamada (2/) and 


* The following abbreviations are used: Diphos- 
phopyridine and triphosphopyridine nucleotide, DPN 
and TPN; their reduce form, DPNH and TPNH; 
Diethylaminoethyl cellulose, DEAE-cellulose; Tris 


(hydroxymethylamino)methane, Tris. 


Winkelman and Lehninger (22) dis- 
tinguished their lactonase into two different 
types, soluble lactonase and microsomal 
lactonase. Yamada ¢ al. (15) suggested 
that the soluble lactonase might participate 
in the synthesis of L-ascorbic acid through 
lactonization of L-gulonate to form L-gulono- 
lactone or of p-glucuronate to form p-glucuro- 
nolactone. Later, such reactions were actual- 
ly demonstrated independently by Yamada 
(23), Bublitzct al. U7).and) Clhrattergee 
et al. (18). 


Hence, two possibilities were considered 
for the formation of L-gulonolactone from p- 
glucuronate. 


Payne “and=-McRorie ©), gand 
Kilgore and Starr (6) showed with bac- 
terial enzymes the possible intermediate forma- 
tion of keturonate in the conversion of p- 
glucuronate and p-galacturonate to L-gulonate 
and p-galactonate. Moreover, Ash well (24) 
reported the formation of L-xylulose from p- 
galacturonate in the presence of TPNH by 
rat liver preparation via probable inter- 
mediates, L-galactonate and 3-keto-t-gulonate. 

The present paper deals with the purifi- 
cation and properties of an enzyme from rat 
liver which oxidizes L-gulonate to p-glucuron- 
ate and discusses the position of the enzyme 
at the bifurcation between the pathway for 
L-ascorbic acid synthesis and the so-called 
glucuronic acid cycle, and especially its 
significance in the formation of .-gulono- 
lactone. In this study, the pattern of the 
substrate specificity showed the validity of 
the name of TPN t-hexonate dehydrogenase 
for the enzyme rather than the names used so 
far, viz. TPN t-gulonic dehydrogenase (3, 25), 


TPN .t-Hexonate Dehydrogenase 


aldehyde reductase proposed recently by Hers 
(4) or glucuronate reductase (26). A part of 
this paper was reported previously (25, 27). 


METHODS AND MATERIALS 


Materials—p-Glucurono-;-lactone, sodium  p-glu- 
curonate, ethyl p-glucuronate, and p-glucuronamide 
were obtained from the Chugai Pharmaceutical Com- 
pany. 
Nutritional Biochemicals Corporation, p-mannurono- 
y-lactone was provided through the courtesy of Dr. 
H.S. Isbell of the National Bureau of Standards, 
U.S.A., and methyl p-galacturonate was prepared by 
the method of Jansen and Jang (28). Methyl v- 
glucuronate and methyl t-gulonate were synthesized by 
aplication of the method of Ishidate et al. (29) in 
the preparation of methyl] [aniline(2,3,4-tri-O-acetyl-N- 
glucopyranosyl)] uronate using Amberlite IR-4B and 
methanol. u-Idurono-7-lactone was prepared by the 
method of Shafizadeh et al. (30), and p-xyliuronate 
was prepared from monoacetone D-xyliuronate, which 
was kindly supplied by Dr. T. Watabe of. the 
Tokyo College of Pharmacy. t-Arabiuronate was 
synthesized by the method of Machida (3/) from 
D-mannonolactone, and t-lyxuronate was the meta- 
bolic product of Acetobacter melanogenum (32), which 
was given by Dr. M. Ameyama of the Shizuoka 
University. prepared by the 
treatment with baryta for two hours at room tempe- 


p-Galacturonate was purchased from the 


t-Threuronate was 


rature from methyldiacetyl .-threuronate, which was 
synthesized by the 
Baumgarten (33). 

furnished through the courtesy of Dr. K. Kuratomi 
of the Juntendo University. Malonic semialdehyde 
was prepared by acid hydrolysis of diethoxypropio- 
nate, which was supplied by Dr. M. Tatibana of 
the University of Kyoto, and succinic semialdehyde 
was synthesized by decarboxylation of formylsuccinic 


method of Lucas and 


pui-Tartronic semialdehyde was 


acid diethylester, which was synthesized by the 
method of Wislicenus et al. (34). Glutaric semi- 
aldehyde was synthesized from cyclopentanol by the 


method of Harries and Tank (35). Methyl- 
formyl acetate was prepared by the method of 
Wislicenus (36). p-Fructuronate was kindly 
supplied by Dr. G. Ashwell of the National 


Institutes of Health, U.S.A. and p-tagaturonate was 
by Dr. Y. Takagi of the Kanazawa 
University. 2-Keto-Lt-gulonate and its methyl ester 
were obtained from the Takeda Chemical Industries. 
2-Keto- and 5-keto-p-gluconate were provided through 
the courtesy of Dr. R. Takeda of the Takeda 
Chemical Industries. Keto-pi-erythronate* and DL- 


given 
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erythronate were prepared by Neuberg’s method (37), 
through oxidation of meso-erythritol with nitric acid. 
Hydroxypyruvate was kindly supplied by Dr. K. 
Kuratomi of the Juntendo University. 

p-Glucosone was synthesized from p-glucose ac- 
cording to the method of Becker and Day (38). 
p-Galactosone, pD-xylosone, and t-arabinosone were 
also prepared by a modification of the above method. 
Methylglyoxal was prepared by the oxidation of 
acetone with selenium dioxide (39). Glyoxylate, 
glyoxal, ethylene glycol, pyruvate, a-ketobutyrate, 
acetoacetate and f-hydroxybutyrate were commercial 
products of the Tokyo Kasei Company. 

Acetaldehyde was freshly prepared from paralde- 
hyde with trace of sulfuric acid. n-Propion-, 7-butyr-, 
n-valer-, croton-aldehyde, aldol and acrolein were 
purchased from the Tokyo Kasei Company. DL- 
Lactic aldehyde was obtained by hydrolysis of lactic 
aldehyde acetal, which was synthesized from methyl- 
glyoxal (40). Hydracryl aldehyde was _ prepared 
from acrolein by the method of Nef (4/7). Malonic, 
succinic and glutaric dialdehyde were synthesized from 
f-ethoxyacroleinacetal, succinodialdoxim and _ cyclo- 
pentenozonide by the method of Claisen (42), 
Harries (43), and Harries and Tank (35), respec- 
tively. 

p- and u-Glyceraldehyde were 
acetone pD-glyceraldehyde, which was synthesized by 
Baer and Fisher (44), and from t-arabinose (45). 
pu-Glyceraldehyde was obtained from the Nutritional 
Biochemicals Corporation, and its 3-phosphate was 
the gift from Dr. K. Nagasawa of the University 
of Tokyo. vb-Erythrose was kindly supplied by Dr. 
K. Uehara of the University of Osaka, and pb- 
threose was obtained by Ruff’s degradation from 
strontium p-xylonate (46). -Galactose was that 
prepared by Dr. C. Araki of the Kyoto University 
of Industrial Arts and Textile Fibers. pv-Ribulose 
was kindly provided by Dr. I. Yanagisawa of the 
Toho University, and t-xylulose was prepared from 
L-xylose by isomerization with pyridine (47). 2, 3, 4, 
5, 6-Pentaacetyl p-glucose and 2, 3, 4, 6-tetraacetyl p- 
glucose were synthesized by the methods of Wolfrom 
(48) and of Fischer and Hess (49), respectively. 
1,2-0-Isopropyridene-p-xylo-dialdopentofuranose was 
synthesized by the method of Schaffer and Isbell 


prepared from 


* Keto-pL-erythronate used here corresponds to 
“‘ Oxyerythronsdure’’ named by C. Neuberg (37). 
The compound may be thought as keturonate rather 
than undefined structure because of no consumption 
of iodine in the determination by Willstatter and 
Schudel’s method (66), but the position of the keto 
group has not been clarified. 
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(50), and it was then converted to p-xylo-dialdopento- 
furanose by the treatment with 0.5 .N sulfuric acid at 
50°C for 2 hours. Other sugars and their derivatives 
were obtained as commercial products. 
L-Gulono-j-lactone was prepared by the reduc- 
tion of p-glucuronate with sodium borohydrate accord- 
ing to the method of Wolfrom and Anno (5), 
and u-galactono-y-lactone was synthesized by .a simi- 
lar method as described by Mapson and Breslow 
(52). u-Mannono-7-lactone was prepared from L- 
arabinose by the modification of the Kiliani 
synthesis as described by Isbell e¢ al. (53), and b- 
mannono-y-lactone was synthesized by the oxidation 
of p-mannose according to the method of Hudson 
and Isbell (54); the latter was also provided by Dr. 
H. S. Isbell and Dr. G. Ashwell. 
Glucono-6-lactone were synthesized by the method of 
Isbell e¢ al. (53) from p- and t-arabinose, and pD- 


p- and L- 


glucono-7-lactone was prepared by heating from p- 


gluconate. v-Allono- and p-altrono-y-lactone were 
synthesized by the method of Phelps and Bates 
(55). 


by the isomerization of p-gulono- and p-galactono-7- 


p-Idono- and p-talono-7-lactone were prepared 


lactone with pyridine according to the method otf 
Fischer and Fay (56) and Glatthaar 
Reichstein (57), respectively. The latter was also 
kindly provided by Dr. H. S. Isbell. 1-Idonate 
We “Walker ot tae 
p-Gulono- and p-galactono-y- 


and 


was kindly provided by Dr. 
University of Tokyo. 
lactone were purchased from the Nutritional Biochemi- 
cals Corporation. u-Rhamnono-7-lactone was obtained 
by oxidation of t-rhamnose by bromine (58). D-a- 
and $-Glucoheptono-y-lactone were synthesized by the 
method of Hudson (59) using methylcellosolve in 
their differential crystallization. p-Xylono-, L-xylono-, 


D-arabono-, L-arabono-, b-lyxono- and _ .-lyxono-7- 
lactone were synthesized by an application of the method 
of Clowes and Tollens (60). 
was obtained from the 


Corporation. 


p-Ribono-7y-lactone 
Nutritional Biochemicals 
L-Threono-y-lactone was prepared by 
the degradation of L-ascorbic acid according to the 
method of Hardegger et al. (61). 
was synthesized by oxidation of pi-glyceraldehyde 
according to the method of Wohl and Schel- 
lenberg (62). $-Hydroxypropionate 
were prepared by the method of Wislicenus (63) 
and Levene and Wal ti (64), respectively. N-Acetyl 
neuraminate was kindly supplied by Dr. T. Yama- 
kawa of the University of Tokyo, and glycolate was 


pu-Glycerate 


and _ acetol 


Free 
acids of various aldonic acids described above were 
obtained by hydrolysis of the corresponding lactones 
with an equivalent amount of sodium hydroxide in 


obtained from the Tokyo Kasei Company. 


hot water (60°C), and reversely, some lactones were 
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prepared from the corresponding acids by heating 
(ca. 70°C) at pH about 3. 

t-Gulonamide was synthesized as follows: 3g. 
of n-gulonolactone was suspended in 9 ml. of methanol, 
and 3ml. of 28 per cent ammonia water was added 
gradually under continuous stirring at room tempera- 
ture. After the addition the stirring was continued for 
about 30 minutes, and then the clear mixture was 
evaporated under reduced pressure with 
The resulting syrup was made 
The 


repeated 
addition of methanol. 
to crystallize by the addition of methanol. 
product decomposed at 126-128°C. 

p-Sorbitol, p-mannitol, meso-dulcitol, meso-adonitol, 
obtained as commercial 


and meso-erythritol were 


products. u-Threitol was synthesized according to the 
method of Lucas and Baumgarten (33). 

TPN and DPN were obtained from the Sigma 
Chemical Company, and their reduced forms were 
prepared chemically with dithionite (65). In some 
experiments for the coupling reaction with L-gulono- 
B-TPNH preparation 


obtained from Sigma Chemical Company was used. 


lactone dehydrogenase, pure 


Isocitrate was purchased from the Nutritional 
Biochemicals Corporation. 

Lycorine hydrochloride was kindly supplied from 
Dr. K. Yamamoto of the 


Laboratory. 


Shionogi Research 
Other chemicals were furnished as com- 
DEAE-Cellulose was synthesized 
from 2-chlorotriethylamine hydrochloride and cellu- 
lose (100 mesh, Toyo Roshi Co., Ltd.) by the 
method of Peterson and Sober (67). 


Enzymes—u-Gulonolactone dehydrogenase was pre- 


mercial products. 


pared from rat liver as described in a previous paper 
(68). Isocitric dehydrogenase was obtained by the 
method of Ochoa (69). 

Assay Method—The assay of the enzymic reaction 
was carried out by the determination of the change 
in optical density at 340my due to the oxidation of 
TPNH or the reduction of TPN using the Hitachi 
spectrophotometer equipped with cells having 1 cm. 


light path. The standard reaction mixture contained 
50 wmoles of phosphate buffer of pH 7.0, 0.5 umole 
of TPN or TPNH, 10 ywmoles of substrate (3.3 x 10-3), 
and 30 yg. of the purified enzyme. The total volume 
Prior to the start 
of reaction, all components except substrate were kept 
in a water bath of 37°C for 5 minutes, and the 
reaction was started by addition of the substrate in 


the same bath, and the determination was completed 


of the system was made to 3.0 ml. 


within 10 minutes. The unit of activity of the 
enzyme was defined as the change of optical density 
at 340 my in 10 minutes X 103, and the specific activ- 
ity of the enzyme was expressed as units per mg. 


of protein. Unless otherwise stated, the reaction was 
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in the direction of reduction of the 
substrate (p-glucurono-7-lactone was the usual sub- 
strate). In experiments with particulate preparations 
or homogenates, determination was carried out by 


carried out 


In the case of crude 
preparation, 30 ymoles of nicotinamide was added to 
inhibit diphosphopyridine nucleotidase. Both reac- 
tions, dehydrogenation and reduction, could proceed 


the opal glass technique (70). 


only in the complete system, and any other non- 
enzymic process could not be detected by this assay 
method. 

Determination of p-Glucurono-y-lactone, D-Glucuronate 
and 1-Gulono-;-lactone—p-Glucurono-y-lactone and p- 
method of 
Determination of 


glucuronate were estimated by the 
Ishidate and Nambara (7/2). 
L-gulonolactone was carried out using microsomal L- 
dor the 
reaction mixture to be estimated, in this case, sodium 


gulonolactone dehydrogenase (68) as follows. 


5, 5-diethylbarbiturate was added to a final concent- 
ration of 10-2M to stop the reaction specifically (see 
later), and the aliquot of the mixture was taken for 
determination. Microsomes prepared by the method of 
Schneider and Hogeboom (72) from 0.8g. of rat 
liver and washed three times, were added to the sample 
to be determined. The mixture was shaken in an oxy- 
gen phase at 37°C for 30 minutes. After the reaction, 
the mixture was deproteinized with an equal volume 
of 20% trichloroacetic acid and the ascorbic acid 
formed was determined by the method of Roe and 
Kwether (73): 


formed was calculated by comparison with a stan- 


The quantity of x-gulonolactone 


dard curve. The optimal concentration range of L- 
gulonolactone for the measurement is 10-60 yg./3 ml., 
and the method is fairly specific for the determina- 
tion of u-gulonolactone and t-galactonolactone with 


a few exceptions (68). 


RESULTS 


Purification of the Enzyme—Rats weighing 
about 150-200¢. were killed by decapitation 
under ether anaethesia, and livers* from 10 
rats were minced and homogenized with 4 
volumes of 0.25 M sucrose using the Potter- 
Elvehjem glass homogenizer. The homo- 
genate was immediately subjected to centri- 
fugation at 105,000xg for 60 minutes at 0°C. 
The resulting precipitate was discarded and 


* Although kidney, as described later, showed 
the highest activity regarding this enzyme, liver was 
chosen as the enzyme source because it is the only 
organ that can synthesize i-ascorbic acid in rats (100). 


621 


a clear supernatant (about 300 ml.) was pooled. 
All the subsequent steps were carried out at 
0” to S°C. 

To each 100ml. of the above supernatant, 
23g. of solid ammonium sulfate was added, 
giving a final saturation of 0.38. After stand- 
ing for about 2 hours the mixture was cen- 
trifuged and the precipitate was discarded. 
To the supernatant, ammonium sulfate was 
further added (12.2g. to each 100ml. of the 
original extract) to a saturation of 0.55. The 
solution was again centrifuged after standing 
for 2 hours and the supernatant was discard- 
ed. The precipitate was dissolved in 300ml. 
of water and 72.9g. of ammonium sulfate 
was added to the solution (about 0.40 satura- 
tion), and after centrifugation another portion 
of ammonium sulfate (20.2g.) was added to 
the supernatant to reach the saturation of 
0.50, and allowed to stand for 2 hours. The 
precipitate resulting after centrifugation of 
this material was dissolved in 300ml. of 0.40 
saturated ammonium sulfate solution and to 
the supernatant another portion of ammonium 
sulfate (18.9¢.) was added to reach the satu- 
ration of 0.50. The above two solutions 
saturated in 0.50 with ammonium sulfate 
were spun down and the precipitates were 
combined. The precipitate was dissolved in 
a minimum amount of water (about 3 ml.) 
and the enzyme solution was dialyzed against 
about 2 liters of distilled water until the 
trace of sulfate ions of the dialysate could 
not be detected by barium acetate. The 
resulting insoluble matter was spun down 
and discarded. The clear solution was diluted 
with water and Tris buffer (pH 7.5) until its 
protein concentration became below 0.2 per 
cent and the final concentration of Tris buffer 
became 0.0214, and then the solution was 
subsequently subjected to DEAE-cellulose 
column chromatography. DEAE-cellulose 
used for the chromatography was treated 
with MN NaOH and N HCl and buffered 
with 0.02M Tris buffer of pH 7.50. The 
diluted enzyme solution was passed through 
a DEAE-cellulose column (2x5cm.) with 
pumping by means of suitably controlled air 
pressure, at a flow rate of 10-l5ml. per 10 
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minutes, and each effluent (Sml.) was col- 
lected by a fraction collector. The column 
was then washed with about 200ml. of the 
same buffer, and the enzyme was eluted 
usually as the second peak in this fraction 
(tube number, about 30) (Fig. 1). However, 
the position of this second peak was some- 
what variable, probably influenced by the 
exchange capacity. Each active fraction was 
collected and after the pH was adjusted to 
7.0, the enzyme could be stored in a 
frozen state, where it was fairly stable for 
3 weeks at around —20°C. The summary 
of the purification is presented in Table I. 
The specific activity of the purified prepara- 
tion was about 500 times that of the crude 
extract. 


0.4 


0.3 


0.2 


0.1 
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TUBE NUMBER (1 tube 5.0 ml.) 


Fic. 1. Chromatographic purification of the 
enzyme on DEAE-cellulose column. 

—Ow— Absorption at 280 my of the eluate, 
--@-- Enzyme activity. 


The chart of purification with the oxida- 
tion of L-galactonate by TPN as an indicator 
of the activity showed a precise agreement 
with that obtained in the reduction of p- 
glucurono-7-lactone by TPNH described 
above. This fact may indicate that the 
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enzyme participating in these two reactions 
is the same. 


TABLE I 


Summary of Purification Procedure 


Specific 
Total Total Total activity |Recovery 
volume |. |protein p 
(ml) units (mg.) (units (%) 
: S- per mg.) 
Extract 300 29700 | 5589 32) 100 
Ammonium 
sulfate 
fractionation] 45.2 | 19090 | 266.7 71.6 64 
DEAE-cell- 
ulose treat- 
ment 40.0 | 13480 Se) || 25) 45 


Formation of 1-Gulono-y-lactone from p-Glu- 
curono-y-lactone (25)—The enzyme catalyzed 
the reduction of p-glucuronolactone as well 
as D-glucuronate by TPNH in spite of the 
complete absence of the lactonase. On 
measurement by the method of Yamada 
(21), spontaneous cleavage of the lactone to 
its acid under the reaction condition was 
shown to be negligible. The reaction product 
from p-glucuronolactone was identified as 
L-gulonolactone by means of paper chroma- 
tography with three different solvent systems 
detected by periodate consumption (74) and 
hydroxamate formation (75) (Table VI). In 
the reaction mixture the TPNH-regenerating 
system with isocitrate and isocitric dehydro- 
genase was added. Under the condition in 
which the reaction was carried out, L-gulono- 
lactone could by no means be formed from 
L-gulonate enzymatically (23). To detect the 
formation of L-gulonolactone, L-gulonolactone 
dehydrogenase was added and the formation 
of .-ascorbic acid from p-glucuronolactone 
was shown in this coupled system (see next 
section). From the above results it was con- 
cluded that the direct conversion of p-glu- 
curonolactone to t-gulonolactone must have 
occurred in this reaction, and this was sup- 
ported also by the following evidences: 1) 
the initial velocity of reaction of the lactone 
was greater than that of the acid in con- 
centrations over 1.54x10-° M4 (Fig. 2); 2) the 
ratio of activity of the lactone to that of 
the acid was constantly 1.2 for each step of 
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the purification (Table II); 3) the ratio of 
activity to two substrates was in good agree- 
ment in each effluent of DEAE-cellulose column 


eee od =tS 
2 4 6 8 10 


1/S_ liter/mx1o3 


Fie. 2. 
ity with p-glucuronate and p-glucuronolactone. 


Influence of concentration on activ- 


—Q©— pv-Glucuronolactone, —@— v-Glucuronate. 


chromatography (Table II); 4) various animal 
organs lacking lactonase I (soluble lactonase) 
activity, for example, human liver, guinea pig 


TasBLe II 


Constant Activity Ratio of Reduction of p-Glucuronolactone 
to D-Glucuronate at Each Purification Step 


Ammonium | DEAE-cell- 
| Extract sulfate ulose 
i fractionation | treatment 
p-Glucuronolac- | 
tone 84 186 497 
p-Glucuronate | 145 410 
Ratio [ 
(lactone : acid) | 1.20 1.28 1.21 


Constant Activity Ratio to Two Substrates in Each 
Effluent from DEAE-Cellulose Column 


Pabeuuenber 1230 | 138 [084s 186. 1-38 


282 ; 511 | 360 | 180 60 
230 | 418 | 303 | 147 OL 


| 1.23 i ey 2 a ee 
| 


p-Glucuronate 


Ratio 
(lactone: acid) 


D- (lucien one | 
| 


Al 1.18 


} 


liver and rat kidneys (15), were found to be 
active with p-glucuronolactone (Table VII]; 
and 5) the latter was active as substrate in the 
presence of 10°*M p-chloromercuribenzoate 
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which inhibits the lactonase completely (27) 
(Table IX). The Michaelis constants for p- 
glucuronolactone and _ op-glucuronate were 
6.9x 10-4 M and 3.3x 10-4 M, respectively, and 
the Lineweaver-Burk’s plots (76) (Fig. 
2) for these substrates crossed each other 
near the point corresponding to S=1.54 x 10-3 
M, and the fact also suggests that the con- 
version is the direct one. 

Stoichiometry and Equilibrium Constant— 
Stoichiometry of the reaction at equilibrium 
was found by the chemical determination of 
p-glucuronolactone consumed and ‘TPNH 
oxidized compared with the enzymic assay 
of -gulonolactone produced and TPN 
formed. From the data listed in Table III, 
the equilibrium constant of the reaction was 
calculated to be 3.2107; in regard to the 
limiting factor, TPNH, 89 per cent of TPN 
and 11 per cent of TPNH were present at 
equilibrium. Thus the equilibrium is far to 
the side of reduction of the substrate, z.e. the 
formation of Lt-gulonolactone. In a similar 
way, an attempt was made to determine the 
equilibrium constant for the system of p- 
glucuronate, and the value of 26x10 (75 
per cent of TPN and 25 per cent of TPNH) 
was obtained by calculation from the data 
of p-glucuronate consumed and TPNH 
oxidized assuming that the stoichiometry of 
the reaction was established. The result shows 
a little less inclination of the reaction toward 
reduction in the formation of L-gulonate than 
in the corresponding formation of L-gulono- 
lactone. As will be seen later, the stoichio- 
metric relation between ethyl p-glucuronate 
consumed and t-gulonolactone formed could 
be observed (cf. Table VII). The establish- 
ment of the stoichiometry may show the direct 
conversion of uronate to aldonate or of 
uronolactone to aldonolactone without the 
intermediary accumulation of any keturonate. 

Substrate Specificity: Reduction Process—The 
enzyme catalyzes the reduction of other de- 
rivatives of various sugars by TPNH, which 
could not be replaced by DPNH. The broad 
specificity manifested even by highly purified 
preparation is characteristic of the reduction 
process in contrast to the strict specificity of 
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the dehydrogenation process (Table IV). 

The enzyme acted on alduronic acids of 
which the carbon number varies from six to 
three; p-glucuronate, p-galacturonate, D-man- 
nuronate, L-iduronate, L-threuronate, and DL- 


TasiLe III 
Stoichiometry of the Reaction? 


p-Glucurono- TPNH u-Gulono-| ppye 
lactone lactone 
umole} pmole vmole| pmole 
Initial state} 10.0 0.44 0 
Final state 9.62 0.05 0.37 0.39 
Difference —0.38 —0.39 | +0.37 +0.39 


1) Reaction period, 60 minutes. 

2) The quantity of TPN formed was calcu- 
lated from the spectral difference at 340 myp, 
assuming the difference of molecular extinction 
between oxidized and reduced froms is 3.0103. 


tartronic semialdehyde, with the exception 
of five, p-xyliuronate, p-lyxuronate, and L- 
arabiuronate. However, it did not act on the 
corresponding keturonates, such as p-fructuro- 
nate, D-tagaturonate, 2-keto-L-gulonate and its 
methyl ester, 2-keto- and 5-keto-p-gluconate, 
keto-pL-erythronate, and hydroxypyruvate, 
and other keto acids such as a-keto-butyrate, 
pyruvate and acetoacetate. The same results 
were also obtained in experiments with crude 
homogenates. The enzyme also catalyzed 
the reduction of such derivtives as lactones, 
esters, and an amide of the above-mentioned 
alduronic acids, viz. p-glucurono-7-lactone, 
ethyl p-glucuronate, p-glucuronamide, methyl 
p-galacturonate, D-mannurono-7-lactone,  L- 
idurono-y-lactone, and methyldiacetyl L- 
threuronate; under the conditions studied, 
the activities toward lactones were higher and 
toward esters were lower, in general, than 
the corresponding acids, respectively. The 
enzyme proved to be also active on glyoxy- 
late, malonic semialdehyde, succinic semialde- 
hyde, and glutaric semialdehyde, all of which 
may be regarded as a sort of uronate. 
Methylformyl acetate, a branched semialde- 
hyde, was also effective as substrate. 

Osones derived from hexose, p-glucosone 


and p-galactosone, were accessible, whereas 
those from pentose, p-xylosone and L-arabino- 
sone, were not. Methylglyoxal was proved to be 
the most active among the compounds tested. 

Of various aldomonosaccharides  ex- 
amined, those with carbon number of three 
and four, p- and L-glyceraldehyde, p-erythrose, 
p-threose, and pi-glyceraldehyde-3-phosphate, 
were reactive, while those with carbon number 
from five to six, D- and L-lyxose, p- and L- 
arabinose, D- and L-xylose, D-glucose, p- and 
L-galactose, D-mannose, L-rhamnose, L-fucose, 
p-gluco- and p-galactosamine, were not, with 
the exception of p-ribose which showed a 
slight activity. Phosphorylated sugars, D- 
glucose- and p-galactose-6-phosphate showed 
a little activity. Glycolaldehyde was also re- 
active. Various ketomonosaccharides, sedo- 
heptulose, L-sorbose, D-fructose, D-tagatose, 
p-ribulose, L-xylulose and dihydroxyacetone, 
did not serve as substrate. 

The enzyme was very active with dial- 
dehydes, wiz. glyoxal, malonic dialdehyde, suc- 
cinic dialdehyde and glutaric dialdehyde. 
However, these activities may indicate a two 
step reduction to the alcohol, z. e. dialdehyde 
— monoaldehyde - alcohol, since the corres- 
ponding monoaldehydes have been proved to 
be also effective as substrate of the enzyme. 
p-Xylodialdo- pentofuranose was also acces- 
sible. Typical aldehydes, such as acet-, pro- 
pion-, z-butyr-, and n-valeraldehyde, were 
somewhat reactive; the activities were appro- 
ximately parallel with the chain length. 
Other types of aldehyde, viz. benzaldehyde, 
pL-lactic aldehyde, hydracryl aldehyde, aldol, 
and acrolein were also reducible. 

This pattern of specificity shows that 
there is no definite relation between activity 
and configuration. These observations suggest 
that the enzyme attacks the carbohydrate in 
oxo-form and other free aldehyde compounds, 
except those derived from pentose, in other 
words, a free aldehyde group is essential for 
the activity. The activity for uronate may 
be considered to be of special case. That 
the oxo-form is apparently the true substrate 
for the enzyme was furthe: confirmed by the 
following experiments. 2, 3, 4, 5, 6-Penta-acetyl 
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D-glucose was effective as substrate, whereas 
2, 3, 4, 6-tetraacetyl p-glucose was ineffective. 
Furthermore, the activities observed with 
some sugars, D-ribose, L-arabinose, D-galactose, 
and p-glucose at a higher concentration, 
3.3107? M, were in good correlation to the 
contents of oxo-form.* The conclusion was 
also spporuted by the formation of p-xylose 
from o-xylodialdopentofuranose as shown 
later. 

The Michaelis constant of the enzyme 


was determined for some representative com- 
pounds in their reduction according to 
Lineweaver and Burk (76). Km for 
p-glucuronolactone, p-glucuronate, p-galactu- 
ronate, and pi-glyceraldehyde were estimated 
a8 (O9108" M7, 3.599107 AL, 9.110% 04 and 
1.54 10-° M, respectively. 

Dehydrogenation Process—In contrast to the 
broad substrate specificity in the reduction 
process, the enzyme showed a narrow specifi- 
city in the dehydrogenation process (Table 


TasLe IV 
Substrate Specificity of TPN 1-Hexonate Dehydrogenase in Reduction process 
Substrate | Seay Substrate aye 
p-Glucuronate | 355 Acrolein 37 
p-Glucurono-7-lactone | 420 pu-Lactic aldehyde 465 
Ethyl p-Glucuronate 327 Hydracryl aldehyde 620 
p-Glucuronamide 138 p-Glucosone 405 
p-Galacturonate 449 D-Galactosone 488 
Methyl p-Galacturonate 370 D-Xylosone 11 
p-Mannuronate 414 L-Arabinosone 26 
p-Mannurono-y-lactone 445 Methylglyoxal 974 
L-Iduronate | 524 p-Glucose 0 (0) 
t-Idurono-7-lactone | 580 p-Galactose 0 (10) 
p-Xyliuronate 0 p-Mannose 0 
p-Lyxuronate Wy L-Galactose 0 
u-Arabiuronate 17 D-Ribose 54 (174) 
t-Threuronate 280 p-Arabinose 0 
Methyldiacetyl t-threuronate 728 D-Xylose 0 
pu-Tartronic semialdehyde 302 p-Lyxose 0 
Glyoxylate 556 L-Arabinose 0 (38) 
Glutaric semialdehyde 380 L-Xylose 0 
Succinic semialdehyde 625 L-Lyxose 0 
Malonic semialdehyde 460 p-Erythrose AL? 
Methylformyl acetate 510 p-Threose Mp2 
p-Fructuronate | 24 p-Glyceraldehyde 484 
p-Tagaturonate | 15 t-Glyceraldehyde 592 
2-Keto-L-gulonate 18 pu-Glyceraldehyde 903 
Methyl 2-keto-L-gulonate | ih Glycolaldehyde 119 
2-Keto-p-gluconate 8 Lt-Rhamnose 0 
5-Keto-p-gluconate | 26 L-Fucose 0 
Keto-pu-erythronate 1S) p-Xylodialdopentofuranose 446 
Hydroxypyruvate 8 2, 3, 4, 5, 6-Pentaacetyl p-glucose 340 
a-Ketobutyrate 0 2, 3, 4, 6-Tetraacetyl p-glucose 8 
Pyruvate | 0 Glucose-6-phosphate 80 
Acetoacetate 0 Galactose-6-phosphate 47 
Glutaric dialdehyde 585 DL-G lyceraldehyde-3-phosphate 115 
Succinic dialdehyde 520 Sedoheptulose 0 
Malonic dialdehyde 625 p-Sorbose 0 
Glyoxal 651 p-Fructose 0 
Benzaldehyde 446 p-Ribulose 0) 
n-V aleraldehyde | 433 L-Xylulose 0 
n-Butyraldehyde | 123 Dihydroxyacetone 0 
Propionaldehyde 49 Acetol d 0 
Acetaldehyde 16 p-Glucosamine 0 
Crotonaldehyde 61 p-Galactosamine 0 
Aldol | 118 


(_) indicates the activity when substrate was used at 3.3x10-? M. 


* Compared with the data of Cantor, S.M., and Peniston, Q.P., J. Am. Chem. Soc., 62, 2113 (1940) 
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TABLE V 


Substrate Specificity of TPN i-Hexonate Dehydrogenase 
in Dehydrogenation Process 


Activity (units) 

Substrate Acid Lactone (7) 
p-a-Glucoheptonic 0 (0) 0 (0) 
p-$-Glucoheptonic 0 (0) 0 (0) 
p-Allonic 0 (0) 0 (0) 
p-Altronic 0 (0) 0 (0) 
p-Gluconic 0 (0) 0 (0) (0) 
p-Mannonic 68 (18.7) 40 (11.0) 
p-Gulonic 0 (0) 0 (0) 
p-Idonic 0 (0) 0 (0) 
p-Galactonic 0 (0) 0 (0) 
p-Talonic 0 (0) 0 (0) 
t-Gluconic 147 (41) — {(128(35.4)) 
t-Mannonic 251 (69.5) 109 (30) 
t-Gulonic 362 (100) 168 (46.5) 
L-Idonic 397 (109) 226 (62.5) 
u-Galactonic 177 (49) 87 (24) 
t-Rhamnonic 0 (0) 0 (0) 
D-Ribonic 0 (0) 0 (0) 
p-Arabonic 0 (0) 0 (Q) 
b-Xylonic 0 (0) 0 (0) 
p-Lyxonic 0 (0) 0 (0) 
t-Arabonic 0 (0) 0 (0) 
L-Xylonic 0 (0) 0 (0) 
L-Lyxonic 0 (0) 0 (0) 
pu-Erythronic 0 (0) — 
L- Threonic 0 (0) 0 (0) 
pu-Glycerate 00 — 
N-Acetyl neuraminate 0 0 = 
£-Hydroxypropionate 0 (0) = 
Glycolate 0 (0) — 
D-Sorbitol 0 (0) — 
p-Mannitol 00 — 
meso-Dulcitol 0 (0 — 
meso-Adonitol 0 (0) — 
meso-Erythritol 0 (0) — 
L-Threitol 0 (0) — 
Glycerol 0 (0) — 
Ethylene glycol 0 (0) — 
Ethanol 0 (0) — 


( ) shows the relative activity to that of L- 
gulonate as 100. 


{ J shows the activity to their d-lactones. 


V). 

The enzyme oxidized exclusively the L- 
form of both hexonic acids and their lactones, 
namely, L-gluconate and its d-lactone, L-man- 
nonate, L-gulonate, and t-idonate and their 
y-lactones, with an exception of minute ac- 
tivity of p-mannonate and its 7-lactone. In 
general, the activity was higher in the acid 
form than in the lactone form. Another ex- 
ception, ineffectiveness of L-rhamnonate and 
its y-lactone as substrate, would be indicative 
of necessity of the presence of alcohol group 
at C-6 for the enzyme activity. 

Aldonates and their derivatives other 
than those described above were all ineffective : 
p-gluconate and its 6- and y-lactone; p-a- and 
6-glucoheptonate, pD-allonate, pb-altronate, D- 
gulonate, p-idonate, p-galactonate, D-talonate, 
p-ribonate, D- and L-arabonate, pb- and L- 
xylonate, p- and _ t.-lyxonate, L-threonate, 
and their j;-lactones; DuL-erythronate, DL- 
glycerate, glycolate, N-acetyl neuraminate, {- 
hydroxypropionate, and $-hydroxybutyrate. 

Various polyalcohols, such as p-sorbitol, 
D-mannitol, meso-dulcitol, meso-adonitol, meso- 
erythritol, u-threitol, glycerol, and ethylene 
glycol, were also inactive. Of the probable 
products in the reduction process the various 
ketoses, which contain acetol, were not oxi- 
dized. 

Thus only such reactions in which the 
reaction product is L-hexonate were reversible 
while others irreversible. 

This pattern of specificity did not change 
at the optimum pH, 9.6-10.0. As far as were 
tested in animal tissues, this pattern of 
specificity was confirmed irrespective of the 
source of the enzyme. 

All the facts indicate that for the de- 
hydrogenation of hexonate the levo configura- 
tion of the hydroxyl group at C-5 would be 
essential. 

Reaction Product—It was shown previously 
that the reaction product in the reduction of 
p-glucuronolactone by ‘TPNH is t-gulono- 
lactone. The reduction product from p-glu- 
curonate was identified as L-gulonate in the 
same way (Table VI). A direct transforma- 
tion of ethyl p-glucuronate and methyl p- 
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galacturonate to each L-gulonolactone and L- 
galactonolactone in the reduction processes 
was verified in a similar manner under the 
condition of complete absence of esterase, 
showing an agreement with the findings of 
Mapson and Isherwood (77) in the 
plant system. In these experiments no inter- 


mediary appearance of the corresponding 
esters of t-gulonate and tL-galactonate was 
detected. The establishment of stoichiometry 
in the case of ethyl p-glucuronate as substrat 
(Table VII) would also support the direct 
conversion to L-gulonolactone. The reduction 
product from p-glucuronamide was found to 


LTABLEUAVL 
Paper Chromatography of Reaction Product 
| n-Butanol eres aoe muelone 
| ethanol water He he simi water 
: eet). - | Mia eer mT (a3) 
Authentic sample | Ry | Ry Ry Ry 
p-Glucuronate | 0.03 0.24 0.24 0:14 
p-Glucurono-7-lactone | 0.34 0.47 0.57 0.83 
p-Glucuronamide — | 0.28 0.27 0.25 
p-Galacturonate 0.06 0.29 0.33 == 
Methyl p-galacturonate 0.33 0.47 0.52 — 
t-Gulonate | 0.09 0.37 0.27 0.19 
t-Gulono-7-lactone | 0.23 0.43 0.44 0.65 
L-Galactonate 0.19 — Geo — 
L-Galactono-7-lactone 0.33 0.46 0.39 = 
Ethyl t-gulonate 0.48 — 0.53 — 
Methyl t-galactonate | 0.27 — 0.44 — 
Lt-Gulonamide 0.12 0.30 0.30 0.19 
D-Xylose 0.47 0.42 —_— = 
p-Xylodialdopentofuranose 0.58 0.60 — = 
Reaction product” | | 
Substrate 
p-Glucurono-7-lactone i) °0.355 0.22 = 0.58, 0.44 0.84, 0.66 
0/10, ». 6.02 0.26,. U3) 0.49), B45 
p-Glucuronate 0.03, 0,08 | 0.37; 0.25 | 0.55, 0.25 — 
Ethyl p-glucuronate = 0.52, 0.42 0.60, 0.42 = 
0.22, OPS T0122, 0.25 
Methyl pv-galacturonate 0.32; 0.30 “= 0.51, 0.33 _ 
0-19 0.40, 0.30 
p-Glucuronamide | = 0.26, 0.30 = = 
0.22 | 
p-Xylodialdopentofuranose 0.58, 0.61, 0.43 os = 


1) The value underlined indicates the Ry corresponding to probable product. 

The reaction mixture consisted of 500 “moles of substrate, 500 ymoles of pu-isocitrate, 10 
pmoles of TPN, 500 pmoles nicotinamide, 1.25mmoles of glycylglycine buffer, pH 7.3, TPN 
t-hexonate dehydrogenase, and isocitric dehydrogenase in a total volume of 50 ml. was incubated 
at 37°C for 30 minutes. After incubation, the reaction was stopped by addition of 6 ml. of 60 
% perchloric acid, and the supernatant was neutralized with KOH by use of methyl red. thee 
precipitate was spun down and the supernatant was used as a sample after lyophilyzation. 
Ascending method; front movement, about 300mm., Toyo filter paper No. 53. 
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be t-gulonamide by paper chromatography. 
‘The undefined formation of L-gulonolactone 
which could be detected in paper chromato- 
gram in some cases may be thought as an 
artificial product, because, as will be discussed 
later, an artefactual lactonization of these 
derivatives would occur during the operation 
of lyophilization. The formation of L-gulono- 
lactone from p-glucuronolactone and ethyl 
p-glucuronate, and of L-galactonolactone from 
methyl p-galacturonate was further deduced 
from the results of the coupling reaction with 
t-gulonolactone dehydrogenase leading to the 
formation of L-ascorbic acid. 

D-Xylose was identified by paper chroma- 
tography from the reaction mixture when p- 
xylodialdopentofuranose was applied as sub- 
strate for the reduction reaction. The pos- 
sibility that p-fructose is formed from pb- 
glucosone and acetol from methylglyoxal was 
suggested through the use of the reactions of 
Roe é al. (78) and of Baudisch (79), re- 
spectively. These findings would show that 
the reduction is limited only to the aldehyde 
group. 

The oxidation product of u-gulonate by 
TPN was demonstrated previously as pD- 
glucuronate in our laboratory (3). As for 
the question of the oxidation product of L- 
galactonolactone, D-galacturonate was identi- 
fied as the sole product and the lactone form 
of the uronate was not detected. The 
product of the oxidation of u-galactonate by 
TPN was demonstrated to be p-galacturonate 
instead of tL-xylulose (cf. 24). The same 
result was obtained in the experiments with 
the purified preparation starting from the 
acetone dried powder of rat liver. Carbon 
dioxide evolution in the oxidation of L- 
galactonate by TPN was not detected mano- 
metrically. 

Formation of p-fructuronate from p- 
glucuronolactone and p-glucuronate and of 
p-tagaturonate from p-galacturonate was ex- 
amined by the method of Watanabe and 
Arai (80), but the occurrence of such reac- 
tions could not be detected at any stage of 
the reaction, respectively. Therefore, the re- 
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duction of p-glucuronolactone, p-glucuronate, 
and p-galacturonate to the corresponding 
hexonate or its lactone may proceed in one- 
step process. 


VII 


Stoichiometric Formation of .-Gulonolactone from 


TABLE 


Ethyl p-Glucuronate 


Substrate reacted t-Gulonolactone formed 


0.247 mole 0.240 umole 


Reaction condition : 
pmoles; TPNH, 1 wmole; enzyme, 60 wg.; phos- 
phate buffer, 50 wmoles, pH 7.0. Total volume, 
3.0ml. Incubation, 37°C, 30 minutes. Micro- 
somes derived from 0.89 g. of rat liver was used 


Ethyl p-glucuronate, 20 


for the assay system. 


Distribution of the Enzyme—The enzyme is 
found only in the “supernatant fraction” 
defined in the fractionation of cellular com- 
ponents after Schneiderand Hogeboom 
(72). The supernatant fractions derived from 
various organs of rat contained this enzyme 
(Table VIIT. Among the organs tested kidney 
showed the highest specific activity. In heart, 
brain, and spleen, the activity of the enzyme 
was not detected except for glyceraldehyde 
and glucosone. The pattern of specificity of 
these organs was not so different from each 
other as was suggested by Hers (4, 20). 
Human liver and both liver and kidney from 
guinea pig and rabbit showed a considerable 
activity with two substrates, p-glucuronolac- 
tone and p-glucuronate. Some of avian tissues 
also contained this enzyme. These facts show 
that the distribution of the enzyme in organs 
or species has no definite relation with the 
L-ascorbic acid synthesizing activity. 

Activation and Inactivation—The enzyme 
was activated by sulfate ions to about 150 
per cent at the concentrations of 10-?M or 
more. None of other compounds tested could 
accelerate the reaction (Table IX). Apparent 
stimulation by Mn** and Cott was disclosed 
as non-enzymic nature. Hgt+t and Cutt 
strongly inhibited the enzyme at the con- 
centrations of 10°*M or less. On the other 
hand, -chloromercuribenzoate hardly _ in- 
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Taste VIII 
Distribution of the Enzyme in Various Organs of Rat 

| ae ; + 5 

p-Glucuronic | p-Glucurono- | p-Galacturo- pL-Glycer- 

nbstrate wae eas Atle p-Glucose | p-Glucosone aldehyde 
Liver 16.8 21.4 16.2 0 20.5 94.6 
Kidney 83.2 131.0 98.3 (0) 128.7 274.0 
Skeletal muscle BI Gia 42.3 26.8 0 32.0 72.3 
Seminal vesicle | 15.3 37.0 45.2 0 48.2 91.0 
Testis 2355 46.5 18.0 0 46.4 107.2 
Heart 0 0 3:8 0 Sie2 38.3 
Brain | 0 0 0 0 32.8 19.5 
Spleen 0 2.9 0 0 16.7 13.8 


Values are presented in specific activity (units/mg. protein) 


TaBLeE IX 


Effect of Some Compounds Which Affect the Metabolism 
of Ascorbic Acid on the Enzyme 


Among the compounds which are known to 
affect the metabolism of u-ascorbic acid in 
vivo, only barbiturate (5,5-diethylbarbituric 
acid showed a remarkable inhibition for the 
reduction process, but others, chloretone, anti- 


| Concentra- | Inhibition or 
Compounds | tions paced | activation pyrine, 4-aminoantipyrine, and lycorine, had 
mf) Ape et) no noticeable effect at the concentration of 
Chloretone 3.3x10% =-8 3.3x10°°M. The inhibition by barbiturate 
appar tayo Lethyi bar was also complete in oxidation process at the 
bituric acid) 25 10s —92 : RE ere 
aS | same concentration. The inhibition caused 
Antipyrine yee Wee 0 : 
bala eae Weer ; by barbiturate was shown to be non-com- 
4h tel atts petitive to TPN or TPNH by Lineweaver 
Lycorine hydrochloride 3:3x% 10-2 +6 ; : 
; | and Burk’s analysis (76). 
p-Chloromercuribenzoate | ibe} —8 
| 
Mercuric acetate | 
(dibasic) | 110-4 —100 a 
cuso, | "1510-8 —100 From the experiments described above, 
Biaylenedianimeteira- it can be pointed out that the specificity of 
acetate Dan? 4 0 TPN t-hexonate dehydrogenase from rat 
NaF tx102 | 12 liver depends on the directions in which the 
NaCN 110-2 | =) reaction is carried out; narrow in the direc- 
5x10-2 | 36 tion of dehydrogenation and broad in that 
(NH,),SO, le ALO naar || ae 57 of reduction. Hers (4, 20) described an 


hibited the activity even at the concentra- 
tions of 10-*M or more. High concentrations 
of ethylenediaminetetraacetate and sodium 
azide did not have any appreciable effect on 
the activity. At pH 7.0, 0.054 potassium 
cyanide inhibited the enzyme activity con- 
siderably and the inhibition was complete in 
the oxidation reaction, but it is not clear 
whether the latter inhibition was caused by 
the formation of cyanide-TPN complex. 


enzyme named aldose reductase which has a 
rather broad specificity over various sugar 
The pattern of specificity of the 
present enzyme for the reduction process 
closely resembles that of the aldose reductase 
except for its inactivity on higher sugars. 
Similar behavior was also observed in their 
response to sulfate ions and ethylenediamine- 
tetracetate. The insensitivity to some higher 
aldose was pointed out for the liver enzyme 
(4, 20), and Hers differentiated this enzyme 


derivatives. 
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from aldose reductase naming the former 
aldehyde reductase. The TPN t-hexonate 
dehydrogenase is considered to have the most 
close resemblance to the aldehyde reductase 
except for its inactivity toward ketoses, 
although the description of Hers is rather 
incomplete and not definitive. The name of 
TPN .-hexonate dehydrogenase is thought 
to be more adequate than that of aldehyde 
reductase, since the former characterizes the 
specific aspect in dehydrogenation. 

The present experiment demonstrates the 
direct conversion of p-glucuronolactone to L- 
gulonolactone, and the opinion presented by 
Ul Hassan and Lehninger (/) has been 
disclaimed while the speculation proposed by 
Hers (20) has been _ substantiated here. 
Ishikawa and Noguchi (3) dealt with 
the enzyme preliminarily, using guinea pig 
liver and they showed a production of p- 
glucuronate from t-gulonate through its 
reverse reaction. Ishikawa (8/) also showed 
that this enzyme can be separated from DPN 
t-gulonic dehydrogenase, and he concluded 
that these two enzymes are different from 
each other. Recently Ashwell ¢é al. (7), 
Kilgore and Starr (6) and Payne and 
Mc Rorie (5) demonstrated the presence of 
an enzyme in some bacteria which catalyzes 
the reversible reduction of some keturonates 
by DPNH or TPNH. Taking account of the 
inactivity of the present enzyme on _ these 
keturonic acids and DPNH, the hexuronic 
reductases and this enzyme should be dif- 
ferentiated from each other. Some years ago, 
Ashwell (24) reported an enzyme from rat 
liver which catalyzed the conversion of pD- 
galacturonate to L-xylulose with TPN via the 
probable intermediate, L-galactonate and 3- 
keto-L-gulonate. Although the activities of 
the present enzyme based in the reduction 
of p-glucuronolactone and in the oxidation 
of t-galactonate were in constant relation to 
each other in the course of purification, 
neither the formation of L-xylulose nor the 
evolution of carbon dioxide from L-galactonate 
by TPN was detected. Therefore, it is 
doubtful that there exists another enzyme 
which has the activity as reported by 
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Ashwell. 

It is clear from the data described above 
that the enzyme is quite different from glyo- 
xylic reductase (82-84), ribulose dehydrogenase 
which acts on the reduction of p-arabinosone 
to p-ribulose (85), aldose dehydrogenase 
derived from Pseudomonas (86), D-xylose re- 
ductase of Penicillium chrysogenum (87), and 
the enzyme reported by Den é al. (88) which 
catalyzes the reversible reduction of malonic 
semialdehyde to $-hydroxypropionate. 

As shown in the present experiment, the 
enzyme catalyzes the reduction of a number 
of sugar derivatives and others, in contrast to 
the narrow specificity in the oxidation process. 
Such broad specificity in the reduction process 
is considered to be due to the action of a 
single enzyme, for there is a good agreement 
between the specificities of purified prepara- 
tion and of crude enzyme. This contrast in 
specificity depending on the direction of the 
reaction, namely, broadness in reduction and 
narrowness in oxidation, signifies a limited 
reversibility of this enzyme. Such an unilate- 
ral pattern of reversibility seems to belong to 
a rather unparalleled case. 

The experimental results except for 
alduronate as substrate showed that the at- 
tacking point of the enzyme is a free aldehyde 
group and not a keto group. The reactivity 
of some ketomonosaccharides to aldehyde 
reductase observed by Hers (4) might be 
due to an intervention of other enzymes since 
in his system rather crude preparation was 
used. Reasoning from the above general 
rules, erythrose and threose may be presumed 
to exist as an oxo-form in fairly large amount 
in aqueous solution, although they were 
believed to have an oxide ring (89). It has 
recently been reported that p-glucuronolactone 
in aqueous solution exists nearly completely 
in oxo-form (90). However, the data on other 
related compounds are not available at pre- 
sent. Since it is rather difficult to consider, 
from the experiment illustrated in Fig. 2, that 
p-glucuronate becomes accessible through the 
transformation to its lactone, the reactivity of 
p-glucuronate or possibly other uronates must 
be regarded as one exception. The reason 
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why alduronates and osones from pentose are 
not accessible remains yet to be elucidated. 

The respective formation of 1-gulono- 
lactone and t-galactonolactone by the reduc- 
tion of p-glucuronic and p-galacturonic esters 
suggests another possibility for physiological 
formation of these lactones, as has been pro- 
posed by Mapson (77). In these reactions, 
the destiny of the separated alcoholic residue 
is not clear. The reason why the activity 
of pi-glyceraldehyde is larger than the mean 
value of the activities of both p- and L-gly- 
ceraldehyde is also not clear. This finding 
is in contrast with the exclusive phosphoryla- 
tion of the L- form of glyceraldehyde by trio- 
kinase (91). 

The identification of the product of 
enzymic reduction of p-glucuronolactone as 
L-gulonolactone may be hindered by forma- 
tion of the latter from t-gulonate by lyophi- 
lyzation, which was carried out for the pre- 
paration of the chromatographic sample. 
This possibility was pointed out in the forma- 
tion of p-glucono-d-lactone (53). However, 
the formation of t-gulonolactone was also 
ascertained by coupling the reaction by this 
enzyme with that by t-gulonolactone dehy- 
drogenase, while its formation was not de- 
tected when v-glucuronate was used as 
substrate. 

The specificity of the enzyme in oxidation 
is fairly strict with t-hexonate, from which 
the proposed name of the enzyme originated, 
and the similar strict configurational specifi- 
city has been shown in other enzymes which 
metabolize aldonates (/6, 68, 92, 935). 

Both the highest activity of L-iduronate 
among all uronates tested in reduction and 
on the other hand, the highest activity of L- 
idonate among all effective L-hexonates in 
oxidation may be worth noting because L- 
iduronate is known to be a constituent of 
chondroitin sulfate B (94-98), and there may 
be a possibility that L-iduronate is converted 
to L-idonate by this enzyme, L-xylulose being 
produced from the latter by the action of 
DPN t-gulonate dehydrogenase (92). The 
enzyme must play an important role in car- 
bohydrate metabolism in various pathways 


by virtue of its broad specificity. 

Now that the direct conversion of p-glu- 
curonolactone to L-gulonolactone was proved 
unequivocally, it follows that a new possibility 
opens for the formation of 1-gulonolactone 
if p-glucuronolactone is really formed in tissue. 
The argument concerning the possible way 
under physiological conditons for the forma- 
-tion of L-gulonolactone will be presented else- 
where (99), but the direct conversion stated 
here might be of little significance because 
the formation of 1-gulonolactone from p-glu- 
curonate has never been proved except the 
lactonization catalyzed by lactonase I, and 
this enzyme has lower activity on lactoniza- 
tion with p-glucuronate than with L-gulonate 
(23). Recently, Payne and McRorie (5) 
and Kilgore and Starr (6) showed the 
possibility of intermediary formation of p- 
fructuronate in the transformation of p- 
glucuronate to L-gulonate just as the cor- 
responding formation; of p-tagaturonate 
between p-galacturonate and t-galactonate. 
We also searched for this possibility with 
crude homogenate and the purified system 
derived from rat liver, and in both cases it 
was observed that p-fructuronate and p- 
tagaturonate were almost completely inactive 
as substrate while the formation of L-gulonate 
from p-glucuronate and of L-galactonate from 
p-galacturonate was observed. This shows 
the direct reduction of p-glucuronate to L- 
gulonate and of p-galacturonate to L-galacto- 
nate, a result consistent with that of the more 
recent paper of Kilgore e¢ al. (8). 

As shown in Table VIII, the enzyme is 
widely distributed in the organs of various 
species regardless of the pattern of L-ascorbic 
acid synthesizing activity (100, 101). Dense 
presence of the enzyme in the kidney and 
other findings on its distribution are in ac- 
cordance with that of Grollman and Leh- 
ninger (100) except for the complete inactiv- 
ity in the spleen of rats. However, p-glucosone 
and pu-glyceraldehyde were slightly reactive 
in all the organs tested, and the mechanism 
are not clear at present. 

Among the compounds known to be relat- 
ed to the metabolism of ascorbic acid or glu- 
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curonic acid, barbiturate is the only agent to 
inhibit this enzyme reaction. A paradoxical 
relation between this inhibitory effect and the 
stimulatory feffect on ascorbic acid synthesis 
upon administration in vivo of the drug 
(102-104) remains to be elucidated. Other 
known drugs, such as chloretone (102-104), 
lycorine (J05) and antipyrine (106, 107), 
might affect other points of the reaction 
sequence of these metabolites. 


SUMMARY 


1. The enzyme which catalyzes the con- 
version of p-glucuronate to L-gulonate by 
TPNH was purified about 500-fold from rat 
liver. This preparation did not exhibit the 
activity of lactonase or esterase. 

2. Evidence was presented for the direct 
conversion of p-glucuronolactone to L-gulono- 
lactone by the same enzyme. 

3. Stoichiometrical relation was found 
in the conversion of p-glucuronolactone or 
ethyl p-glucuronate to L-gulonolactone. 

4. Equilibrium constants and other kine- 
tic constants were estimated. 

5. Substrate specificity in the reduction 
reaction was broad with compounds having 
a free aldehyde group except for uronate, 
while in the oxidation process the enzyme acted 
exclusively upon t-hexonate and its lactone. 
From these findings, the name of TPN L- 
hexonate dehydrogenase was proposed for the 
enzyme. 

6. The enzyme was widely distributed 
with almost the same pattern of substrate 
specificity. 

7. The enzyme was inhibited specifically 
by barbital. 

8. Substrate specificity and the role of 
the enzyme in the metabolism of L-ascorbic 
acid were discussed. 


The authors are indebted to the members of this 
laboratory and the persons and companies listed in 
the text for their kind supply of some of the mate- 
rials and valuable advices. This work was supported 
in part by a grant for scientific research from the 
Ministry of Education. 
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When rats were fed on diet containing 
about 20 per cent of thermally polymerized 
oil, intoxication of the rats was observed, and 
the symptom was particularly acute in case 
such a highly unsaturated oil as fish oil was 
used as raw material (J-3). 

The cause of toxicity was ascertained to 
be the cyclic monomer formed by the thermal 
polymerization previously reported (4, 5). This 
report concerns the preparation of a cyclic 
compound of f-eleostearic acid and with its 
toxicity for rats. 


EXPERIMENTALS AND RESULTS 

Preparation of Pure 8-Eleostearic Acid—T ung 
oil, indicated in Table I-i, was isomerized by 
the method of Hoffman eé¢ al. (6). About 
500g. of tung oil were mixed with I ml. of 
saturated potassium iodide solution, and the 


mixture was thoroughly stirred, kept air-tight 
and exposed to the sun-light to accelerate 
isomerization. Then the oil was saponified 
with alkali as usual and fatty acid was ob- 
tained. This was washed with distilled water, 
dissolved in ethanol and let stand overnight 
at —15°C. The precipitated f-eleostearic acid 
was filtered and dried in vacuum. The melt- 
ing point of the acid was 70-71°C, and its 
infrared absorption spectrum was as shown 
in Fig. l-a, exactly the same as that reported 
by Hoffman éé al. (6). 

Then ethyl ester of $-eleostearic acid was 
prepared as usual and distilled in vacuum. 
The fraction collected at 193-196°C showed 
the properties indicated in Table I-ii, which 
were almost comparable to the theoretical 
values. The infrared absorption spectrum of 
this ester was shown in Fig. I-b. 


TABLE I 


Properties of Samples 


: Molecular 
Iodine Value | Saponification : : 
20 e3 Acid Val Weight 
No. Sample n* (Wijs) Value ci alue oes 
i Tung oil 1.5063 173.7 194.2 | 5.4 — 
+ -Eleostearic acid 165.5 182.2 20 301 
“ fee ester 1.4892 (166.0) (183.0) : (306) 
B-Eleostearic acid 139. a 153.6 367 
iii | ethylester-acrolein 1.4847 aio 3) asin 6 66) 
adduct compound : 


(__) shows theoretical value. 


* A brief account of this paper was reported at 
the annual meeting of the Japan Chemical Society 
held in Tokyo in April, 1958. The full text written 
in Japanese appeared in Nippon Kagaku Zasshi, 81, 467 
(1960). 


Preparation of Adduct Compound of 8-Eleostearic 
Acid Ethyl Ester with Acrolein—The preparation 
was carried out according to the method of 
Miyoshi and Kurata (7) as shown in 
Tablet 
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TasiE II 
Preparation of -Eleostearic Acid Ethyl Ester-Acrolein Adduct Compound 
Tung Oil 


Small quantity of KI-satu- 
rated aqueous solution, 
stirring, exposure to light 


Isomerization 


Isomerized Tung Oil 

Saponification, Refining 
B-Eleostearic Acid (m.p. 70-71°C) 
Esterification 

B-Eleostearic Acid Ethyl Ester 

Vacuum distillation (2mm Hg) 
B-Eleostearic ae Ethyl Ester (193-196°C) 


Acrolein 


Heatines(inisealed enine) | 130-145°C 3.5. hrs. 
B-Eleostearic Acid Ethyl Ester-Acrolein Adduct Compound (100) 
Vacuum distillation (2mm Hg) 


Fraction II Fraction III 
187.5~210°C (35.5) 210~218.5°C 


Vacuum distillation (2mm Hg) 


Fraction I 
~187.5°C 


Fraction I 
~ 187.5°C 


Fraction II 
187.5~ 203°C (19.1) 


Vacuum distillation (1.8mm Hg) 


| 


Fraction I 
~ 187.5°C 


t c 


5 io 15 
WAVELENGTH (,) 


Fic. 1. Infrared absorption spectrum. 

a. -eleostearic acid, b. f-eleostearic acid 
ethyl ester, c. -eleostearic acid ethyl ester- 
acrolein adduct compound, 


| 


Fraction II 
187.5~192°C (7.6) 


Fraction III 
192~ 196°C 


The f-eleostearic acid ethyl ester and 
acrolein were mixed in sealed tube in the 
ratio of 4:1 by weight, and heated at 130- 
145°C for 3.5 hours. The reaction product 
was distilled in vacuum. The distillation was 
repeated three times and the final distillate 
at 187.5-192°C/1.8mm Hg was collected (yield 
7.6 per cent). 

This fraction was transparent, light yel- 
lowish, and contained no acrolein when tested 
by the reaction with sodium nitroprusside and 
piperidine (8). The properties of adduct com- 
pound was shown in Table I-iii, comparable 
to the theoretical value. Its infrared absorp- 
tion spectrum was also shown in Fig. I-c. 

$-Eleostearic acid ethyl ester has three 
conjugated double bonds, whose configurations 
are all trans form. Cyclohexene ring as shown 
in the following equation might be formed 
by the addition of acrolein though Diels- 
Alder reaction. 

When the infrared absorption spectrum 
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—-CH=CH-CH=CH-CH=CH- 


+ = 


-CH:- CH=CH-CH-CH=CH- 


CH,=CH-CHO 


of 8-eleostearic acid ethyl ester-acrolein adduct 
compound was compared with that of the 
original f-eleostearic acid ethyl ester, the 
following difference was observed : 

The strong absorption of 10.1 ” (990 cm-) 
due to the existence of conjugated trans-trans 
double bond, which was found in {-eleostearic 
acid ethyl ester, almost disappeared as a result 
of the addition of acrolein, and 10.3 (970 
cm™') absorption, due to trans double bond 
appeared on the other hand. 15.2 » (660 cm~') 
absorption was not found in the spectrum of 
the original ester. This absorption band was 
also ascertained by MacDonald (9) in the 
monomeric, non-urea-adduct-forming material 
from the ethanolysis of heated linseed oil. 
Cyclohexene has a band 670 cm“! (14.97 v) (9). 


CHi- ss SCNCHO 


Bands at 663 and 671 cm™! (15.1 and 14.9) 
are characteristic of A®- and A%-steroids, re- 
spectively (10). Cis a-ionone (//) also absorbs 
in this region. This absorption may be 
attributable to the cyclohexene ring. Another 
absorption, due to the aldehyde radical, was 
observed at 3.7 (2700cm~). 

These differences seem to be caused by 
the fact that the addition of acrolein to f- 
eleostearic acid ethyl ester as pictured in the 
above formula. 

From the properties and infrared absorp- 
tion spectrum, the product obtained might be 
the adduct compound of one molecule of 
acrolein with one molecule of f-eleostearic 
acid ethyl] ester. 

Preparation of Intra-Molecular Cyclic Compound 


TasBLe III 
Separation of Cyclic Monomer from Thermally Treated Product of B-Eleostearic 
Acid Ethyl Ester 
f-Eleostearic Acid Ethyl Ester (100) 
Heating (in sealed tube) 180-185°C, 5 hrs. 
Thermally Treated Product from f-Eleostearic Acid Ethyl Ester (99) 
Vacuum distillation (3mm Hg) 


| | | 


Loss Distillate Residue 
161.5~ 206°C 
(4.8) (75:0) (18.7) 


Urea (5 volumes) 
Ethanol (8 volumes) 
50-55°C 


Urea-adduct forming method 
Stand overnight (2.5°C) 


Filtrate I 
(Not forming urea-adduct) 


| 
Urea-Forming Adduct 


| Washing with ethanol 


Concentration, Stand overnight (2.5°C) Chistes ies 


| 
Crystal of Urea 
Separated 


ae Il Straight Chain Ethyl] Ester (60.1) 


Concentration | Stand 48 hrs. (3-4°C) 


| Te 
Crystal of Urea Separated Filtrate III 


Ethanol removed 
Reddish Brown Ester (8.4) 
Vacuum distillation (2mm Hg) 


| | | 


Fraction I Fraction II Residue Loss 
109 ~ 168°C 168 ~ 174.5°C 
(2.0) (4.0) Gat) (IES) 


Transparent, light yellow 
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of B-Eleostearic Acid Ethyl Ester—The process 
of preparation was shown in Table III. After 
heating 230¢. of f8-eleostearic acid ethyl ester 
in a sealed tube at 180-185°C ‘for 5 hours, 
228g. of the contents of the tube were distil- 
led in vacunm. The distillate at 161.5-206°C/ 
3mm Hg was collected. The yield was 174¢. 
(75.5 per cent). 

The distillate was dissolved in 1.5 liters 
of ethanol and was gradually added with 
870g. of urea at 50-55°C. After thoroughly 
stirring for 30 minutes, the mixture was let 
stand overnight. The precipitation of urea- 
adduct was collected and washed with 500ml. 
of ethanol (washings were added to the 
filtrate). 

By treating the precipitate with a large 
quantity of hot water, straight chain ester was 
separated from the precipitate. Its yield was 
60.1 per cent for the original f-eleostearic acid 
ethyl ester. 

The mixture of filtrate and washings was 
concentrated to about 800ml. and kept over- 
night at 25°C. The crystal of urea was re- 
moved and the filtrate I] was again concen- 
trated to 500ml. and kept at 3-4°C for 48 
hours. In this way, filtrate III was obtained 
free from any precipitates. When ethanol was 
evaporated out of this filtrate, a residue of 
reddish brown colour was obtained. Its yield 
was 8.4 per cent. 

Then the residue was distilled in vacuum 
(2mm Hg) and the distillate at 168-174.5°C 
was collected. The yield of the fraction was 
40) per cent. 

It was transparent, light yellow liquid 
with properties as shown in Table IV, and 
its main component might be a cyclic mono- 
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mer of f-eleostearic acid ethyl ester. Its 
infrared absorption spectrum was shown in 
Fig. 2 


WAVELENGTH (y) 


Fic, 2. Infrared absorption spectrum of cyclic 
monomer of f-eleostearic acid ethyl ester. 


When the spectrum in Fig. 2 was com- 
pared with the spectrum of the original - 
eleostearic acid ethyl ester, the following 
difference was observed: 

The strong 10.1 4 (990cm~!) absorption in 
the spectrum of f-eleostearic acid ethyl ester, 
which was due to the conjugated trans-trans 
double bond, almost disappeared, and new 
absorption due to cis double bond appeared 
at 14.44 (690cm7!). This seems to be caused 
by the formation of double bond in a cis 
ring, replacing conjugated trans-trans double 
bond, as a result of cyclization of $-eleostearic 
acid ethyl ester caused by heating. New weak 
absorption at 15.2~ seems to be caused by 
the cyclohexene ring. 

From the above mentioned findings on 
molecular weight, infrared absorption spect- 
rum and non adduct forming character with 
urea, it is known that the main component 
of the distillate at 168-174.5°C is a cyclic 
monomer produced by intra-molecular cycli- 
zation of $-eleostearic acid ethyl ester. 

Toxicity of Cyclic Compound—When rats, 
each weighing 60 to 70g., were fed on basal 


TaBLe IV 
Properties of Cyclic Monomer Separated from Thermally Treated Product of 


B-Eleostearic Acid Ethyl Ester 


Se eke we iviclecuianas 
Sample n” eirti epee canon Acid Value Weight 
= : s . : __ Rast) 
Cyclic Monomer of 
-Eleostearic Acid Ethyl 1.4781 115.3 164.4 4.0 300 
Ester (306) 


(_) shows theoretical value. 
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diet (Table V), containing 10 per cent of the 
B-eleostearic acid ethyl ester, the rats grew 
normally. 


TABLE, . V 
Composition of Basal Diet (%) 
Starch (Rice Powder) | 75 
Casein (Ether Extracted) | 9 
McCollum Salt Mixture | 3 
Yeast | 3 
Liver Oil | One drop a day 
Sample 10 


(t) Toxicity of Eleostearic Acid Ethyl Ester- 
Acrolein Adduct Compound for Rats—Rats, each 
weighing about 60¢g., were fed on basal diet 
(Table V), containing 10 per cent of the 
adduct compound of -eleostearic acid ethyl 
ester with acrolein. 

In this experiment, as shown in _ the 
growth curves given in Fig. 3, all rats died 


ee 


BODY WEIGHT (g.) 


3) 24 5s i748: 
TIME (days) 


Frc. 3. Growth curves of rats fed on basal 
diet containing 10 per cent of adduct compound 
of f-eleostearic acid ethyl ester with acrolein (all 
rats died at the end of the curves). 
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in 4 to 6 days after showing an abrupt decrease 
in body weight. 

(<2) Toxicity of Cyclic Monomer Obtained from 
Thermally Treated Product of Eleostearic Acid Ethyl 
Ester—Rats, weighing about 60g. each, were 
fed on basal diet containing 10 per cent of 
cyclic monomer separated from thermaly 
treated product of f-eleostearic acid ethyl 
ester as mentioned above. In this experiment, 
as illustrated in the growth curves given in 
Fig. 4, all rats died in 7 days or less after 
showing a remarkable loss of weight. 


70 
60 
S 
bt 
= 5 
oO 
w 
= 50- 
> 
oO 
[e) 
wt 
40 
G 
se iS 


30 
| 2 


Sia an, Ee OMm ARS 
TIME (days) 

Fic. 4. Growth curves of rats fed on basal 
diet containing 10 per cent of cyclic monomer 
separated from heated §-eleostearic acid ethyl 


ester (all rats died at the end of the curves) 


DISCUSSION 


Thermally polymerized oil, obtained by 
heating cuttlefish oil in a carbon dioxide 
stream or in the air at 250°C for 10 hours 
(no catalyser), has toxicity even though it con- 
tains an extremely small quantity of per- 
oxide. When rats, each weighing 50 to 70g., 
were fed on basal diet containing 20 per cent 
of this thermally polymerized oil, they all 
died within 15 days. As a result of ethanoly- 
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sis of the thermally polymerized oil and sub- 
sequent separation into straight chain and 
cyclic compounds by the urea adduct, it was 
found that the toxicity was almost attributable 
to the cyclic constituent (J, 2). 
When refined rape-seed oil was used as 
a sample, it was also observed that cyclic pro- 
duct was responsible for toxity in the case of 
heat treatment of the oil at 250°C for 50 hours 
(3). Furthermore, when cyclic ethyl ester, 
separated from the thermal polymer of highly 
unsaturated fatty acid ethyl ester and ethyl 
linolenate (4, 5) was distilled into distillable 
ester and non-distillable ester, it was found 
that the distillable ester shows particularly 
acute toxicity and that the non-distillable 
ester has only weak toxic effect. Judging 
from the boiling point of the distillable ester 
obtained when ethyl linolenate was used as 
a sample, and also comparing the molecular 
weight and other properties of the distillable 
fraction with those of the original ester, it was 
confirmed that the main origin of toxicity 
was due to the cyclic monomer. According 
to infrared absorption spectrum, it was also 
found that this cyclic monomer contained a 
cyclohexene structure in the molecule. 
Several studies (/2, 13) were reported 
concerning the cyclization of 8-eleostearic acid 
because it has three double bonds in a trans 
form, which was suitable for such study. 
Therefore, research on cyclization was con- 
ducted, using f-eleostearic acid, and toxicity 
for rats were examined with its cyclic product. 
The mixture of f-eleostearic acid ethyl 
ester and acrolein, even by heating in a sealed 
tube, formed a cyclohexene ring by the addi- 
tion reaction. Thermally treated product was 
thrice distilled in vacuum, and distillate at 
187.5-192°C/1.8mm Hg. was obtained. Judg- 
ing from its molecular weight and infrared 
absorption spectrum, the main component of 
this fraction has probably a cyclic structure. 
Cyclic monomer was obtained by heating 
B-eleostearic acid ethyl ester under such 
moderate conditions as at 180-185°C for 5 
hours, minimizing the formation of dimer or 
any products other than monomer. Although 
its yield is small, judging from its molecular 
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weight and infrared absorption spectrum, it 
is evidently a monomer containing intra-mole- 
cular cyclic constituent. 

In animal experiments, in which rats were 
fed on basal diet containing each one of these 
products, the rats unexceptionally died in 7 
days or less. This fact gave further endorse- 
ment to the previous reports that the main 
origin of toxicity is the cyclic monomer. 


SUMMARY 


1. An adduct compound of f-eleostearic 
acid ethyl ester and acrolein having cyclo- 
hexene ring in its molecule was obtained. 
This showed clear toxicity when rats were 
fed on basal diet containing 10 per cent of 
Its 

2. An intramolecular cyclic compound 
obtained by heating f-eleostearic acid ethyl 
ester were found also quite toxic to rats. 

3. The cyclic constituents in the above 
substances were confirmed by infrared absorp- 
tion spectrum and other several properties. 


The author expresses his heartfelt thanks to Dr. 
K. Kodama, President of Tokushima University, 
for his continual guidance given in the course of this: 
experiment. Deep appreciation is expressed to Dr. 
S. Tanaka of Tokyo University’s Over-all Research 
Laboratory for his assistance in the infrared spectrum 
Thanks are also due to Mr. K. Kuwa- 


moto for his cooperation in the experiment. 


research. 
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Studies on the Lipogenesis in Animal Tissues under 
Pathological Conditions 


I. The Formation of Unsaturated Fatty Acid in Diabetic and Fasted Rats 
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(From the Department of Biochemistry, Hokkaido University School cf 
Medicine, Sapporo) 
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Since Stetten and Boxer (J) have 
first shown that the synthesis of fatty acids 
in the diabetic animal is decreased, many 
workers reported on the lipogenesis in dia- 
betes as well as in starvation. They were 
generally agreed in finding out a distinct 
depression of the fatty acid synthesis by these 
metabolic lesions (2-4), although the results 
were grossly divergent regarding cholesterol. 

However, references as to the formation 
of unsaturated fatty acids in these cases, 
either by synthesis from acetate or by de- 
saturation of corresponding saturated ones, 
are not as yet available. 

According to Weiss éé al. (5), monoun- 
saturated long chain fatty acid seems indis- 
pensable for the synthesis of triglycerides in 
living organisms, while Andreasen and 
Stier (6) suggested the need of either linoleic, 
linolenic or oleic acid for the growth of yeast. 
On the other hand, Bloomfield and Blo- 
ch (7) reported for the first time on a possible 
mechanism for the desaturation of long chain 
fatty acid. In these and other respects the 
unsaturated fatty acids seem to raise questions 
worthy of further investigations. 

The present paper will describe the ex- 
periments on the rate of fatty acid synthesis, 
especially that of unsaturated fatty acid from 
acetate and the rate of desaturation of 
saturated fatty acid in diabetic and fasted 
animal tissues, as a part of the study on 
lipogenesis under pathological conditions. 


EXPERIMENTAL 


Animals—Male rats of the Wistar strain, weighing 
150 to 200g. were used throughout. Five mg. of al- 
loxan monohydrate per 100g. of body weight were 


injected intraperitoneally into animals that had been 
fasted for 24 hours. All rats were maintained on 
synthetic rat chow of this university* ad libitum, which 
contained approximately 46 per cent of carbohydrate, 
5 per cent of fat and 23 per cent of protein. The 
diabetic animals were sacrificed 10 to 14 days after 
alloxan injection (mostly once, in two cases twice) 
when their blood sugar levels were over 160 mg. per 
100 ml. of blood. Animals fasted for 24 hours were 
used as the starved. 

Tissue Preparation and Incubation Procedure—In slice 
experiments, approximately 850mg. of tissue slices 
were incubated with 8ml. of Krebs-Ringer phosphate 
buffer (8), ph 7.4, which contained 15x 10° c. p.m. 
of sodium acetate-l-C!4. The medium was aerated 
with oxygen by shaking for 2 hours at 37°C, and then 
the lipid was extracted from the slices. 

In the experiment with palmitic acid-l-C!4, fresh 
homogenates of rat liver (10 per cent) were prepared 
in 0.25 M glucose solution at 0°C in a Potter-Elvehjem 
type all glass homogenizer. Cellular debris and nuclei 
were removed from the homogenates by centrifugation 
for 15 minutes at 2,000 g. 
fluid a mitochondrial fraction was obtained by centri- 
fugation for 10 minutes at 10,000xg., and a micro- 
from the 


From the supernatant 


somal fraction was likewise prepared 
supernatant fraction by centrifuging at 20,000 g for 


40 minutes after removal of the mitochondrial fraction. 


In_ the 
enzymatic activity was found in the microsomal and 


incorporation experiment, the greater 
supernatant fractions than in mitochondrial fraction 
alone as may be seen in Table HI. Thus the pro- 
cedures were simplified as follows: 

The fresh homogenates were immediately centri- 


fuged at 10,000xg for 10 minutes and the supernatant 


* The composition in 10 Kg. of rat chow is as 
follows (in Kg.): Wheat flour 2.5, wheat bran 1.5, 
rice-bran 1.5, cornflour 1.5, fishmeal 1.5, defatted 
soy bean flour 1.5, cod liver oil 0.15, yeast 0.2., and 
NaCl 0.05. 
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fluid was removed by suction, leaving the sediment 
undisturbed. The supernatant fraction was centrifuged 
again for 10 minutes (10,000 g) for complete removal 
of mitochondria. Three to five ml. of the whole 
supernatant fraction were incubated with palmitic 
acid-l-C!* (10,000 c.p.m., in Tween 80) in Krebs- 
Ringer phosphate buffer (8) pH 7.4, in a total volume 
of 8ml. The content of glucose and total nitrogen 
was estimated in each tissue preparation. 

Faty Acid Exiraction—The lipids extracted from 
the tissue slices with ethanol-ether (2:1) were frac- 
tionated into acetone-insoluble and soluble lipids by 
usual methods. Each lipid fraction was saponified 
with methanolic KOH, and the unsaponified lipids 
were removed with ether from the concentrated soap 
mixture. The remaining mixture was acidified and 
then fatty acid was extracted with ether. The ether 
solution was dried on anhydrous sodium sulfate. 

When palmitic acid-C!* was used as substrate, 
isolation procedure was simplified as follows: After 
the addition of 1 ml. of 4N hydrochloric acid to the 
incubation mixture, the flasks were heated at 100°C 
for 10 minutes. After cooling in a refrigerator, fatty 
acid was directly extracted from the incubation mix- 
ture with three portions of cold ether. The combined 
ether solution was dried on anhydrous sodium sulfate. 

Separation of Saturated and Unsaturated Fatty Acids— 
Saturated and unsaturated fatty acids were separated 
according to Bergstrém and P44bo (9) with slight 
modifications (7). The fatty acid mixture (up to 5 
mg.) was dissolved in 1.5m]. of ethylformate. After 
the addition of | ml. of 85% formic acid and 0.2ml. 


CH2 Cla 
( Fraction 1) 


FATTY ACID ESTER (pmoles) 
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of 30% hydrogen peroxide, the mixture was warmed 
at 40°C for 3 hours in a closed system. The reaction 
mixture was then evaporated to dryness under reduced 
pressure, and if necessary, the evaporation was repeated 
after the addition of toluene. The residue was dis- 
solved in a few ml. of ether and esterified by diazo- 
methane. The solvent was evaporated again. 

The methyl esters, weighing 0.5 to 5mg., were 
chromatographed on a 0.8X20cm. column contain- 
ing 1.0g. of silica gel (100 mesh, obtained from the 
Kanto Chem Co., and dried at 100°C before use). 

The saturated acid esters were eluted from the 
column by small portions of dichloromethane (12 ml. 
in total). This fraction was designated as Fraction 
1G 

The subsequent elution of dihydroxy acids esters 
derived from monounsaturated fatty acids was carried 
on by dichloromethane containing 1% methanol (three 
or four successive small portions—12ml. in total). 
The fraction was named Fraction II. 

Thereafter, the tetrahydroxy acid derivatives 
originated in diunsaturated acids were eluted by 
several portions of dichloromethane-methanol (97: 3) 
mixture (12 ml. in total). 
Fraction III. 

In this method, 9:10 monounsaturated acid is 


This fraction was named 


oxidized by performic acid to its corresponding 9, 
10-didydroxy acid, 
unchanged. 


while saturated acid remains 
Even when reaction intermediates (/0) 
were formed, the whole 9:10 unsaturated derivatives 
are eluted from the column together with the dihydroxy 


acid derivative. 


CH2Cl2- MeOH (99:1 ) a CH2Cl2 - MeOH (97:3) 
(Fraction I) (Fraction I ) 


TUBE NUMBER 


Fras? 
mixture, ...©... palmitic acid and ...A... 


hydroxylation and esterification. 


Elution pattern of authentic fatty acids. 
linoleic acid alone) were applied individually after 


Fatty acids (— @— stearic and oleic acids 
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By the performic oxidation, linoleic acid is not 
completely converted to tetrahydroxy derivatives (9, 
11). About a half portion of the former remains as 
dihydroxy derivative as is seen in Fig. 1, which may 
enter the Fraction II. 

However, the incorporation of radiocarbon either 
from acetate-C!* or from palmitate-C'* into Fraction 
III which is regarded to contain hydroxy acid deriva- 
tives from polyunsaturated fatty acid was negligible 
as can be imagined from the fact that the synthesis 
of polyunsaturated fatty acid does not proceed in 
animal tissues. Consequently, the radioactivity in the 
dihydroxy acid fraction indicates that it was derived 
from monounsaturated fatty acid alone. The above 
method is therefore considered satisfactory for the 
present purpose. 

The amount of the fatty acid ester was determin- 
ed colorimetrically by making use of the hydroxamic 


acid method (/2), and the radioactivity of the sample 
was determined directly on weighed planchets in a 
gas flow counter (Nuclear-Chicago Co.). 

» Materials—Palmitic acid-l-C'4 and sodium acetate- 
1-C!4 were purchased from the Daiichi Pure Chemicals 
Co. Triphosphopyridine nucleotide was prepared in 
this laboratory from sheep liver by the procedure of 
Le Page and Mueller (/3). 


RESULTS 


Fatty Acid Synthesis from Acetate—As already 
observed (1/4), lipogenesis from acetate increas- 
ed markedly when tissues were incubated in 
an atmosphere of oxygen. Radiocarbon 
from acetate-l-C'* was incorporated into fatty 
acids of different origins in different rates. 
The results were shown in Table I. 


TABLE I 


Fatty Acid Synthesis from Acetate-I-C'4 in Tissue Slices of Normal Rats 
Approximately 850mg. of tissue slices were incubated in Krebs-Ringer phosphate buffer 
(pH 7.4) with sodium acetate-Il-C!# (15x 105 c. p.m.) for two hours at 37°C under aerobic 


conditions. 


a) Acetone-Insoluble Lipids 


Saturated Acids Unsaturated Acids Rate of Incorporation 
Extracted Extracted into , 
Tissues Total Tol ree. Acid 
Amount Act. Amount Act. ——— X 100 

(a) (b) (a)+(b) 

mg. jab bate mg. » [ot eit % 

Liver 1.1 2,220 eZ 2,820 56 
Brain 6.3 2,770 Yoo? 2,590 48 
Lung 1.3 3,500 Qa 5,020 59 
Heart 0.3 179 0.3 187 51 
Kidney 3.4 1,830 3.6 3,450 65 
Testis Eo 1,630 1.8 3,880 70 
Intestine 1.4 3,420 Nhe 2,970 46 

b) Acetone-Soluble Lipids 

Liver 13 5,800 1.9 8,250 59 
Brain 0.4 110 0.4 124 53 
Lung 1} 2,200 13 1,375 39 
Heart 0.7 1,100 0.9 895 45 
Kidney 2.0 1,180 Be 1,360 54 
Testis Mees 1,010 355 1,930 66 
Intestine sell 15,900 8.4 13,800 47 
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TABLE II 
Fatty Acid Synthesis from Acetate-1-C'4 in Tissue Slices of the Diabetic Rats 


a) Acetone-Insoluble Lipids 


: —— = 
| Saturated Fatty Unsaturated Fatty 
Acids Extracted Acids Extracted Rate of Incorporation 
Tissues = | = ——- into 
| | Total Total Unsaturated Acid 
p Amount Activity Bye. Activity 
mg. Ca ptm mg. Cr (p.m. %o 
Liver 3.4 eh 1255 a 732 37 
Brain 20.14 890 4.2 138 13 
Kidney 2:95) wii 261 3.6 195 | 43 
Intestine 0.9 1,593 2.4 1,422 47 
b) Acetone-Soluble Lipids 
Liver ea AS iy. | apga 775 3.9 739 49 
5 | 
Brain | 0.4 | 30 0.9 61 = 
Kidney | 0.9 | 382 dal 246 39 
Intestine Sia7 | ale) 10.0 | 7,050 55 


The experimental conditions are described in Table I. 


TABLE III 
Desaturation of Palmitic Acid-1-C'* by Rat Liver Preparations 


Rat liver preparations (15 mg. of protein) were incubated with 15 pmoles of palmitic 


acid-l-C!4 


(10,000 c. p.m.), 10 wmoles of ATP, 1 mmole of glucose and Krebs-Ringer 


phosphate buffer (pH 7.4) in a final volume of 8ml., in air for 3 hours at 37°C. 


Fatty Acids Extracted 
: ed 
te a nha Saturated Unsaturated Total? Resaiunstion 
(a) (b) (c) 

Gs Gayeseok C. ps ine (Cy son 26th % 
Mitochondria 2,860 620 3,480 18 
Microsomes” 2,680 920 3,600 27 
SN sais cools 2,450 995 3,455 29 

icrosomes 


1) Radioactivity of the total fatty acids extracted (c) were calculated as (a)+(b). 
2) The desaturation grade was calculated as 100x(b)/(c). 
3) Microsome fraction contained also supernatant fraction. 


The synthesis of fatty acids in tissues was 
studied by comparing the labeling of these 
acids. As the components of compound lipid 
(Table I-a), long chain fatty acids were also 
synthesized from acetate. The rate of radio- 
incorporation into unsaturated fatty acid from 
acetate was calculated, whereby the isotopic 
label in unsaturated fatty acid was compared 
with that in the whole fatty acid using total 


radioactivity as indicator. The rate of radio- 
incorporation into unsaturated acids was 
highest in testis (70 per cent), and lowest in 
intestine (46 per cent). 

The fatty acid residue of acetone-soluble 
lipid (Table I-b), both saturated and un- 
saturated acids, were also synthesized from 
acetate. The rate of formation of unsaturated 
acids was highest in testis (66 per cent) and 
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TasLe IV 
Cofactor Requirements and Effect of Oxygen for Desaturation of Palmitic Acid 


Complete system: 


Flasks contained rat liver microsomes and supernate (10 mg. of protein), 


15 wmoles of palmitic acid-l-C'* (10,000 c. p. m.), 1 wmole of TPN, 10 moles of ATP, 1 mmole 
of glucose and Krebs-Ringer phosphate buffer (9), pH 7.4, in a final volume of 8ml. After 
aeration either with O, or with Ng, incubation was carried out for 3 hours at 37°C. 


Fatty Acids 
Preparation Gas Phase — = | Desaturation 
Total Unsaturated 

Gy pam Cape ts % 
Complete system bea tex 2,520 | 985 39 
I Nz 1,570 190 2 
=e O, 1,360 150 | 11 
= TPN O, | 2,010 265 | 13 
SAPP... TEN Oy 1278 Cieeal| CO. geen 9 
—ATP, —TPN N; ees 565, 4 245 7 
Control (boiled enzyme) | O, 2,600 | 85. | 3 


lowest in lung (39 percent). Under the aerobic 
condition, therefore, both saturated and un- 
saturated fatty acids were formed from acetate 
almost to the same extent. 

As shown in Table II, the labeling of 
long chain fatty acids from acetate-l-C'* was 
depressed in various tissue slices of diabetic 
rats, even though the amount of each acid 
was increased. The labeling of saturated or 
unsaturated fatty acid from acetate-C'* was 
compared with that of controls in each tissue. 
A decrease of radioincorporation into saturat- 
ed and unsaturated acids was observed. 

Desaturation of Palmitate—The greater en- 
zymatic activity with regard to the desatura- 
tion of palmitic acid-l-C'* was found in the 
microsomal and supernatant fractions than 
in the mitochondrial fraction alone (Table 
IID). 

The requirement of cofactor in the de- 
saturation of palmitic acid-l-C' was studied. 
As shown in Table IV, the necessity of ATP 
and ‘TPN were observed. When oxygen was 
replaced by nitrogen in the system, desatura- 
tion of palmitate decreased to a considerable 
extent. 

The formation of monounsaturated fatty 
acid in liver preparations from diabetic and 
fasted rats was next investigated, by compar- 
ing the rate of desaturation of palmitate in 


them with that in normal liver preparations. 
The fifteen liver preparations from normal 
rats showed the mean value of 27 per cent, 
whereas those in diabetic and fasted group 
were 16 and 14 per cent respectively (Table 
V), showing a definite decrease in the rate of 
desaturation in diabetic and fasted rats livers. 


TABLE V 
Desaturation of Palmitate by Liver Preparations of 
Diabetic and Starved Rats 


The conditions of incubation were similar to those 
described in Table IV, except that TPN was replac- 
ed by a larger amount of liver preparations (40 to 
50 mg. of protein). Gas phase was 95% oxygen. 


Fatty Acids Extracted 
Conditions |—— ——— | Desaturation 

| Total | Unsaturated 

P@a see)! Cy fae fark, % 
Normal | 3,840 1,040 ii 
Diabetic | 4,260 730 16 
Starved 3,170 430 14 


The data are expressed as the mean value of each 
15 experiments. 


DISCUSSION 
The above experiments confirmed that 
the formation of long chain unsaturated fatty 
acid in rats required molecular oxygen. 
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Bernhard et al. (15) observed a conversion of 
stearic to oleic acid in a microsomal system 
of rat liver under an aerobic condition, and 
it was ascertained that lowered oxygen supply 
reduced zz vitro lipogenesis, especially trigly- 
ceride synthesis from acetate (/4). These 
findings can be explained by the necessity of 
oxygen for the formation of unsaturated fatty 
acids. 

Synthesis de nove of long chain fatty acids 
from acetate was reduced in the alloxan dia- 
betic animal. Both saturated and unsaturated 
fatty acids were affected. The formation of 
monounsaturated fatty acid from palmitate 
was also depressed in liver preparations from 
the diabetic as well as the fasted animals. 

ATP and TPN were required for the 
desaturation of palmitate in the microsomal 
and supernatant fractions of normal rat liver. 
The required triphosphopyridine nucleotide 
participated in the reaction possibly as the 
reduced form, since both glucose-6-phosphate 
and 6-phosphogluconic dehydrogenases in the 
supernatant fraction of liver homogenates 
might generate the reduced coenzyme from 
the applied nucleotide. Furthermore, TPNH 
is repuired generally for reductive synthetic 
reactions (J6), and TPN has been shown to 
be present in living cells mostly as reduced 
form, unlike DPN (/7, 18). 

Therefore, as indicated by Bloomfield 
and Bloch (7) in their yeast experiment, the 
desaturation of palmitate in the rat would 
require oxygen and a reduced pyridine nu- 
cleotide. 

As to the lipogenic defect in diabetes, 
Siperstein and Fagan (3) investigated 
the relative importance of two known glycoly- 
tic pathways, the Embden-Meyerhof route 
and the pentose phosphate pathway. They 
found that the former route of glycolysis, 
though more important for the standpoint of 
glucose catabolism, played a relatively minor 
role in control of lipogenesis. 

Since it seems certain that TPN in reduc- 
ed form is needed for the desaturation of 
fatty acid, as in the synthesis of fatty acid 
from acetate, the reduced availability of 
TPNH may be regarded as an important 
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factor in lipogenic defect in cases of diabetic 
and starvation. 


SUMMARY 


1. In various tissues of normal animals, 
both saturated and unsaturated fatty acids 
were formed from acetate almost to the same 
extent under aerobic conditions. The stimula- 
tory effect of oxygen was observed in the 
desaturation of palmitate in microsomal and 
supernatant preparations of normal rat liver. 
ATP and TPN were required thereby. 

2. Synthesis of long chain fatty acids, 
both of saturated and unsaturated, from 
acetate was depressed in various tissues of 
diabetic animal. Liver preparations from the 
diabetic as well as from the fasted rats were 
less active in desaturating palmitic acid than 
the controls. 


The author wishes to express his deep gratitude 
to Prof. M. Yasuda. under whose direction this 
work has been carried out. 
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About ten years ago, the late Prof. T. 
Shimizu (J) advanced an assumption about 
the biogenesis of bile acid, based upon the 
data accumulated during more than two 
decades since 1927. According to his assump- 
tion, the bile acid might find its origin in an 
unsaturated sterol such as 7-dehydrochole- 
sterol or ergosterol and its first product might 
be cholic acid, which was transformed through 
the dehydrated form, say dehydrocholic acid, 
into the less hydroxylated bile acids. Thus, 
dehydrocholic acid was here regarded as a 
key intermediate in the formation of the bile 
acid. 

On the basis of this assumption, a series 
of experiments have been carried out in this 
laboratory (2) to study quantitatively the fate 
of dehydrocholic acid administered to experi- 
mental animals, and since C'-labeled bile 
acid became available (3), one of the most 
important data for this assumption has been 
examined with the use of labeled bile acid on 
rabbits (4-6), because a different pathway (7) 
of the bile acid biogenesis has recently become 
much more probable. 

In this paper will be reported the meta- 
bolic fate of C-labeled dehydrocholic acid 
in guinea pigs. This experiment is actually 
a re-examination of those performed by Kim 
(8) and Sasaki (9), which should have afford- 
ed decisive evidences for this assumption. 


EXPERIMENTALS 


Dehydrocholic [(24-C!4] acid was prepared by the 
method described in a previous report (5). 

The bile acids used were prepared and purified 
until their melting points were in good agreement 
with those appearing in the literature. 

Extraction of bile acids from biological materials 
collected, as well as their fractionation, was carried 


out in the same way as described previously (5, 6). 

The radioactivity of each sample of material was 
determined in most cases with a Geiger-Miiller counter, 
and in case of the isotope dilution method, with a 
4x-gas flow counter unless otherwise stated. 

Two male guinea pigs weighing about 380g. were 
injected intraperitoneally with C!4-labeled dehydro- 
cholic acid dissolved in physiological saline as sodium 
salt (100mg./kg. body weight; 
215,600 c.p.m.). 
for the following 3 days and fed on vegetables as 


total radioactivity, 
They were kept together in a cage 


usual. Urine (without catheterization) and feces were 
collected daily during the experiment, and bladder 
bile and intestinal contents were obtained at the end 


of the experiment, when the animals were sacrificed. 


RESULTS 


I. Recovery of Radioisotope in Excreta 
and Intestinal Contents 


Acidified urine and bile samples were 
each extracted with ether and then butanol; 
feces and intestinal contents were likewise 
treated after lipid was removed (5, 6). The 
ether and butanol extracts obtained from the 
excreta collected after administration of C1- 
labeled dehydrocholic acid showed radioactiv- 
ity recovery as summarized in Table I. About 
one-quarter of the administered isotope was 
recovered from all the excreta and intestinal 
contents collected and the excretion of isotope 
in urine continued for 3 days with rapid 
decrease. 


II. Analysis of Urine Samples 


The butanol extract obtained from each 
day’s urine sample (1-3 day samples) was 
hydrolyzed with aqueous N potassium hy- 
droxide solution atl 40°C for 3 hours. The 
hydrolyzate was acidified with concentrated 
hydrochloric acid and extracted with ether. 
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TaBLeE I 
Recovery of Radioisotope of the Material Collected 


Material 


Bther extract Butanol extract Total 
mo i: ePe-pim: | % c.p.m. | % epina) | OMe 
Ist day 32,500 15.1 2,350 V1 34,850 16.2 
Urine 2nd day 4,970 W538) 395 0.2 5,365 225) 
3rd day | 740 0.3 0 0.0 740 | 0.3 
(total) (40,955) (19.0) 
Bladder bile 1,860 0.9 3,090 1.4 4,950 | 758) 
Feces 4,660 22) 95 0.0 4,755 yy) 
Intestinal contents 4,980 2.3 585 0.3 5,565 2.6 
Total 56,225 26.1 


Materials were obtained from two guinea pigs to which C!4-labeled dehydrocholic acid (total 


activity: 215,600c.p.m.) was administered. 
Each extract thus obtained was combined 
with the above-mentioned ether extract of 
the respective urine samples. 

The combined extract of each day’s urine 
sample was then subjected to reversed-phase 
chromatography. By titration as well as by 
radioactivity determination of each 2ml. of 


12.5 


pes: 


N 
a 


N/50 NaOH (ml) 
oa 
° 


25 


Cheah 


fo) 10 20 30 


appearing in each of them. The peaks were 
designated as Peaks I,~III, for the first day’s 
urine sample, Peaks I,~III, for the second, 
and Peaks I,~III; for the third, respectively. 
Fig. 1 illustrates the chromatogram of the 
extract of the first day’s urine. 


Characterization of the Peaks: Peak I—The 


c.p.m. 
3000 


2000 


1000 


40 50 60 70 


FRACTION No. 


Game 
Stationary phase; 


phobic Celite. Moving phase: 


Radioactivity curve, 


the eluate, there were obtained three chro- 
matograms corresponding to the urine sam- 
ples of the 3 days, which were very similar 
in shape to each other, three radioactive peaks 


Chromatogram of the extract of the first day’s urine. 


Chloroform : heptane (9: 1) supported on 4.5 g. of hydro- 
60 per cent aqueous methanol. 
--- Titration curve (Fig. 1-14) 


eluates corresponding to Peak I,_,; were com-< 
bined in aqueous solution, acidified with 
dilute hydrochloric acid, and extracted with 
ether. The ether solution was subjected to 
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steam distillation for 1 hour. The residual 
aqueous mixture was extracted with ether 
and the ether extract was washed, dried, 
and evaporated. The residue was again chro- 
matographed. One peak was found in the 
radioactivity curve, as shown in Fig. 2. 


ml.) 
a 


N/50 NaOH ( 


FRACTION No. 


Fic. 2. Chromatogram of the extract corres- 
ponding to Peak I,_3. 

System: see Fig. 1. 

The eluates corresponding to the peak 
were combined in aqueous solution, acidified, 
and extracted with ether. To this extract, 
60mg. of unlabeled cholic acid was added 
and the solvent was evaporated. The residue 
was recrystallized twice from methanol-ethyl 
acetate. Specific radioactivity of cholic acid 
remained unchanged after further recrystalli- 
zation. ‘The results were indicative of the 


presence of radioactive cholic acid in Peak 
Iyaty 


Weight of crystals Recrystn. solvent c.p.m./mg. 
lie 38 (mg.) -- 72 
De 32 ethyl acetate 75 
3: 27 methanol-water UP 


Peak II—The eluates corresponding to 
Peak II, (Fig. 1) were combined in aqueous 
solution, acidified, and extracted with ether. 
The ether solution was evaporated to dryness 
and chromatographed with 10 mg. of unlabeled 
3a-hydroxy-7, 12-diketocholanic acid. On chro- 
matography, only one peak was found in the 
radioactivity as well as in the titration curves 
for each, and these two were quite coincident 
with each other (Fig. 3). 

Similar results were obtained with each 
extract of the eluates corresponding to Peaks 
II, and II; as with that of Peak II], Hence, 
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cpm 
0.15 750 


cml.) 


N/50 NaOH 


40 60 80 100 
FRACTION No. 


fo) 20 


Fic. 3. Chromatogram of thc extract corres- 
ponding to Peak II,, with unlabeled 3a-hydroxy- 
7, 12-diketocholanic acid. 


System: see Fig. 1. 


the ether extracts obtained from the eluates 
corresponding to Peak II,-; were combined 
and analyzed as follows: To the ether solution 
30mg. of unlabeled 38-hydroxy-7, 12-diketo- 
cholanic acid (obtained from toad urine (8)) 
was added and the solvent was evaporated. 
The residue was recrystallized twice from 
methanol-water. Specific radioactivity of the 
crystals, melting at 256~257°C, remained con- 
stant during repeated recrystallizations. The 
results clearly indicated that radioactive 3{- 
hydroxy-7, 12-diketocholanic acid was con- 
tained in Peak II. 


Weight of crystals Recrystn. solvent c.p.m./mg.” 


dy 16 (mg.) — 106 
2 10 methanol-water 103 
af 7 I 107 


1) Geiger-Miller counter 


The mother liquor, from which the first 
crop of the above f-acid was separated, was 
mixed with 70mg. of unlabeled 3a-hydroxy- 
7, 12-diketocholanic acid and the solvent was 
evaporated to dryness. The residue was re- 
crystallized twice from methanol-water and 
the resulting crystals (m.p. 189~190°C) were 
subjected to further recrystallization, radio- 
activity of each crop being determined. The 
results were as follows: 
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Weight of crystals Recrystn. solvent c.p.m./mg.” 
if 74 (mg.) -- 35 
ay 69 methanol-water 4] 
36 56 1 36 
as 44 I 38 


1) Geiger-Miller counter 


It was obvious enough from these results 
that Peak II contained two radioactive acids, 
i.e., 38- and 3a-hydroxy-7, 12-diketocholanic 
acids. 

Peak II1J—Eluates corresponding to Peaks 
III,-; were separately collected in aqueous 
solution, acidified, and extracted with ether. 
Ether extract of Peak III, was evaporated to 
dryness and chromatographed together with 
5mg. of unlabeled dehydrocholic acid. On 
chromatography, one peak was found in the 
radioactivity curve and it was quite coincident 
with the one appearing in the titration curve, 
due to the unlabeled dehydrocholic acid added 
(Fig. 4). 


c.p.m 


0.3 1600 


1000 


4/50 NaOH .(ml.) 
° 


° ' 20 30 


° 
FRACTION No. 


Fic. 4. Chromatogram of the extract corres- 
ponding to Peak IIJ,, with unlabeled dehydrocholic 
acid. 

Stationary phase: Chloroform: heptane (9: 1) 
hydrophobic Celite. 


65 per cent aqueous methanol. 


suppported on 4.5g. of 


Moving phase: 


Accordingly, the eluates corresponding to 
Peak III,_; were combined in aqueous solution, 
acidified, and extracted with ether. To the 
ether solution 50mg. of unlabeled dehydro- 
cholic acid was added and the solvent was 
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evaporated. The residue was then recrystal- 
lized twice from methanol-water. Each crop 
of crystals from further recrystallization was 
proved to have a constant value of specific 
radioactivity. The results clearly showed 
that Peak III consisted of unchanged C1- 
labeled dehydrocholic acid. 


Weight of crystals Recrystn. solvent c.p.m./mg.? 


ile 32 (mg.) — 5S 
WY, 22 methanol-water 58 
3 12 i Sy} 


1) Geiger-Miller counter 


II. Analysis of Bile Samples 


1. Analysis of the Ether Extract—The ether 
extract obtained from the bladder bile was 
chromatographed together with 5mg. of de- 
oxycholic acid. There was found one peak 
in each of the titration and radioactivity 
curves, the radioactivity peak lying in a more 
polar region than the titration one, due to 
the added deoxycholic acid (Fig. 5). 


c.p.m. 
100 


50 


N/50 NaOH (ml) 


FRACTION No. 


Fic. 5. Chromatogram of the ether extract of 
bladder bile. 
System: see Fig. 1. 


The eluates corresponding to the radio- 
active peak were collected in aqueous solution, 
acidified, and extracted with ether. To the 
ether solution, 50mg. of unlabeled cholic acid 
was added and the solvent was evaporated 
to dryness. The residue was recrystallized 
from methanol-ethyl acetate mixture. The 
crystals thus obtained rapidly lost their radio- 
activity and completely after few recrystalli- 
zations from the same solvent. 

The filtrates obtained at each step of 
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recrystallizations mentioned above were then 
combined and evaporated to dryness. The 
residue dissolved in 2 ml. of glacial acetic acid 
was treated with an excess of | per cent 
chromic acid solution (glacial acetic acid: 
sulfuric acid diluted with water (1:2)=9:1). 
After five minutes’ standing at room tempera- 
ture, the reaction mixture was diluted with 
water and extracted with ether. The ether 
extract was washed, dried, and evaporated. 
The residue was mixed with 30mg. of dehy- 
drocholic acid and recrystallized from metha- 
nol-water. It was found that radioactivity of 
the derived dehydrocholic acid was completely 
lost on repeated recrystallization. 

Thus, although it was not possible to 
identify the radioactive substance contained 
in the bile as free bile acid, the data indicated 
that this substance was more polar than de- 
oxycholic acid, but was neither cholic acid 
nor its stereoisomer. 

2. Analysis of the Butanol Extract—The 
butanol extract obtained from the bladder 
bile was likewise analyzed chromatographical- 
ly. In the radioactivity curve, there was found 
only one peak, which was quite coincident 
with the one appearing in the titration curve 
(Fig. 6). 


c.p.m. 
1200 
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(ml) 
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N/50 NaOH 
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FRACTION No. 


Fic. 6. Chromatogram of the butanol extract 
of bladder bile. 
Systemireasee Lug al. 


The eluates corresponding to the peak 
were collected in aqueous solution and hydro- 
lyzed with aqueous N potassium hydroxide 


solution at 140°C for 3 hours. The hydrolyzate 
was shaken once with ether and the aqueous 
layer was separated. It was acidified with 
concentrated hydrochloric acid, and extracted 
with ether. The ether extract was washed, 
dried, and evaporated. The residue was again 
chromatographed. Four peaks were here 
found in the radioactivity curve and desig- 
nated! as, keakss LY. Vo Vie vand Vil “ine the 
descending order (Fig. 7). 


c.p.m. 
200 


(ml) 


100 


N/50 NaOH 
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FRACTION No. 


Fic. 7. Chromatogram of the hydrolyzate of 
the butanol extract. 
System: see Fig. 1. 


The eluates corresponding to each of the 
peaks were collected in aqueous solution, acidi- 
fied, and extracted with ether. The solvent 
was evaporated from the extract. Each frac- 
tion so obtained was separately analyzed. 

Characterization of the Peaks: Peak IV—The 
extract corresponding to Peak IV was chro- 
matographed with addition of 10mg. of un- 
labeled cholic acid. One peak appeared in 
each of the titration and radioactivitycurve s, 
and both of them were quite coincident with 
each other (Fig. 8). 

The eluates corresponding to the peak 
were collected, acidified, and extracted with 
ether. To the ether extract further 70mg. of 
unlabeled cholic acid was added, and ether 
was evaporated. The residue was recrystal- 
lized twice from methanol-ethyl acetate mix- 
ture. Each crop of cholic acid was found to 
have a constant value of specific radioactivity, 
when further recrystallization was conducted. 
It was therefore demonstrated that Peak IV 
consisted of radioactive cholic acid. 
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¢.p.m. 
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oO 
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BS 
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FRACTION No, 
Fic. 8. Chromatogrm of the extract corres- 
ponding to Peak IV, with unlabeled cholic acid. 
System: see Fig. 1. 

Weight of crystals Recrystn. solvent c.p.m./mg. 
ie 51 (mg.) — 73 
2 47 methanol-ethyl 78 

acetate 
3 31 ethyl acetate 77 
4 19 methanol-water 75 


Peak V—The extract corresponding to 
Peak V was chromatographed together with 
10mg. of unlabeled deoxycholic acid. One 
peak was found in each of the radioactivity 
and titration curves, these two being exactly 
coincident with each other (Fig. 9). 
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(ml.) 


2 


N/50 NaOH 
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was evaporated. The two parts were treated 
in different ways as follows: One part was 
mixed with 60mg. of unlabeled deoxycholic 
acid and recrystallized twice from acetic acid, 
affording crystals of m.p. 144~145°C, with a 
constant value of specific activity on repeated 
recrystallization. It became quite clear from 
these results that radioactive deoxycholic acid 
was present in Peak V. 


Weight of crystals Recrystn. solvent c.p.m./mg. 
ile 37 (mg.) — 70 
Ze 29 acetic acid 78 
3: 21 I 75 
4, 16 " WS 


The other part of the extract was mixed 
with 8)mg. of chenodeoxycholic acid and 
converted into formyl ester (dissolved in 2 ml. 
of formic acid and heated at 60°C for 5.5 
hours). The reaction mixture was diluted 
with water and extracted with ether. The 
ether extract was washed, dried, and evapo- 
rated to dryness. The residue was recrystal- 
lized twice from ethanol-water. The crystals 
of diformylchenodeoxycholic acid, melting at 
180~181°C, rapidly lost their radioactivity on 
recrystallization. The result was indicative 
of radioactive chenodeoxycholic acid being 
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25 
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Fic. 9. Chromatogram of the extract corresponding to Peak V, with 


unlabeled deoxycholic acid. 

system sees Bigs 1, 

The eluates corresponding to the peak 
were collected, acidified, and extracted with 
ether. The ether solution thus obtained was 
divided into two equal parts and the solvent 


absent in Peak V. 

Peak VI—The extract corresponding to 
Peak VI was chromatographed together with 
10mg. of 3a-hydroxy-7-ketocholanic acid. In 
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the titration and radioactivity curves, one peak 
was found for each; the radioactive peak stood 
in a region less polar than the titration one 


(Fig. 10). 
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Fic. 10. Chromatogram of the extract corres- 
ponding to Peak VI, with unlabeled 3a-hydroxy- 
7-ketocholanic acid. 

System: see Fig. 1. 

To the eluates corresponding to the radio- 
active peak 50 mg. of 3a-hydroxy-12-ketochola- 
nic acid was added, the mixture was recrystal- 
lized repeatedly from methanol-water, and 
the radioactivity was completely lost. 

All the filtrates of the above recrystalliza- 
tions were then combined and evaporated to 
dryness. The residue dissolved in 2ml. of 
acetic acid was oxidized with chromic acid 
as described above. The reaction mixture 
was diluted with water and extracted with 
ether. The ether extract was washed, dried, 
and evaporated. To the residue 20mg. of 3, 
12-diketocholanic acid was added and it was 
recrystallized twice from acetone-water. The 
crystals of 3,12-diketocholanic acid had a 
constant value of specific radioactivity on fur- 
ther recrystallization. Thus, it became clear 
that the radioactive compound contained in 
Peak VI was identical neither with 3a-hydr- 
oxy-7-ketocholanic nor with 3a-hydroxy-12- 
ketocholanic acid. It may be an isomer of the 
latter, probably 3$-hydroxy-12-ketocholanic 
acid. 


Weight of crystals Recrystn. solvent c.p.m./mg. 
il; 13 (mg.) — 24 
23 6 acetone-water 24 
3; Me " 28 


Peak ViII—The extract corresponding to 
Peak VII was chromatographed together with 
10mg. of unlabeled lithocholic acid. In the 
radioactivity curve were found four peaks 
appearing around the one peak in the titration 
curve, due to lithocholic acid added (Fig. 11). 
Owing to poor activity of these peaks, it was 
not possible to identify any of these radio- 
active compounds, 
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Fic. 11. Chromatogram of the extract cor- 
responding to Peak VII, with unlabeled lithocholic 
acid. 

System: see Fig. 1. 


IV. Analysis of Feces and Intestinal Contents 


The ether and butanol extracts obtained 
from the feces and intestinal contents collect- 
ed were combined and hydrolyzed with aque- 
ous NV potassium hydroxide solution at 140°C 
for 3 hours. The alkaline hydrolyzate was 
shaken once with ether and the aqueous layer 
was separated. ‘The aqueous solution was 
acidified with concentrated hydrochloric acid 
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Fic. 12, Chromatogram of the extract of 
feces and intestinal contents. 
System: see Fig. 1. 
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and extracted with ether. The ether solution 
was subjected to steam distillation for 1 hour. 
The residual aqueous mixture was extracted 
with ether after addition of dilute hydrochlo- 
ric acid, the solvent was evaporated, and the 
residue was chromatographed. ‘Three peaks 
were found in the radioactivity curve and 
were designated as Peaks VIII, IX, and X in 
the order of elution (Fig. 12). 

The eluates corresponding to each of the 
peaks were collected in aqueous solution, acidi- 
fied, extracted with ether, and the solvent 
was evaporated from the extract. 

Characterization of the Peaks: Peak VIII— 
The extract corresponding to Peak VIII was 
dissolved in acetone together with 120mg. of 
cholic acid, the solution was divided into two 
equal parts, each of which was evaporated to 
dryness, and the two halves were treated in 
different ways. 

One half was recrystallized several times 
from methanol-ethyl acetate and afforded 
crystals of cholic acid, specific activity of 
which remained constant on further recrystal- 
lization. 


Weight of crystals Recrystn. solvent c.p.m./mg. 
le 20 (mg.) == 3 
re 15 ethyl acetate 12 
Se 11 methanol-water 13 


The other half of the extract dissolved in 
2ml. of acetic acid was oxidized with chromic 
acid in the same way as described above. 
The reaction mixture was diluted with water 
and extracted with ether. The solution was 
washed, dried, and evaporated. The residue 
was then recrystallized twice from methanol- 
water. The crystals, consisting mainly of 
dehydrocholic acid derived from the cholic 
acid added, melted at 235~236°C (mixed m.p. 
236°C) and had a constant value of specific 
radioactivity by further recrystallization : 


Weight of crystals Recrystn. solvent c.p.m./mg. 
ile 33 (mg.) — 27 
2. 25 methanol-water 25 
3h, 19 " 26 
at 15 I 27 


From these experiments it was clearly 
demonstrated that radioactive cholic acid was 
responsible for Peak VIII. It is interesting 


to note, however, that specific radioactivity of 
the derived dehydrocholic acid was twice as 
high as that of the cholic acid found as it- 
self. This finding strongly suggests that some 
kind of stereoisomer, say 3f-isomer, of cholic 
acid was also contained in Peak VIII. 

Peak IX—The extract corresponding to 
Peak IX was chromatographed together with 
10mg. of unlabeled deoxycholic acid. A peak 
appearing in the radioactivity curve was quite 
coincident with the one in the titration curve 


(Fig. 13). 
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Fic. 13. Chromatogram of the extract cor- 
responding to Peak IX, with unlabeled deoxycholic 
acid. 


System: see Fig. 1. 


The eluates corresponding to the peak 
were collected and extracted again with ether. 
The ether solution was then divided into two 
equal parts and treated in two different ways. 
as follows: One part of the extract was mixed 
with 60mg. of unlabeled deoxycholic acid and 
recrystallized twice from acetic acid. Specific 
radioactivity of the resulting acetocholeinic 
acid maintained a constant value when recry- 
stallization was repeated further. 


Weight of crystals Recrystn. solvent c.p.m./mg. 
Ne 41 (mg.) _ 192 
MD, 31 acetic acid 193 
3 27 I 187 
a 23 / 195 


The other part of the extract was mixed 
with 60mg. of unlabeled chenodeoxycholic 
acid and formylated in the same way as des- 
cribed above. It was found that the isolated 
diformylchenodeoxycholic acid became freed 
from radioactivity on repeated recrystalliza- 
tion from ethanol-water. Peak IX was proved 
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therefore to consist of deoxycholic acid, but 
not of chenodeoxycholic acid. 

Peak X—The extract corresponding to 
Peak X was chromatographed together with 
Smg. of unlabeled lithocholic acid. One peak 
was found in each of the titration and radio- 
activity curves, but the radioactivity peak was 
located in a region more polar than the other 


(Fig. 14). 
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Fic. 14. 
responding to Peak X, with unlabeled lithocholic 
acid. 

System : 


Chromatogram of the extract cor- 


see, Fags) Ii: 


The eluates corresponding to the radio- 
active peak were collected in aqueous solution, 
acidified, extracted with ether, and the solvent 
was evaporated from the extract. The resi- 
due was mixed with 60mg. of unlabeled 3a- 
hydroxy-12-ketocholanic acid and _ recrystal- 
lized from ethanol-water. Radioactivity of 
the crystals was lost completely after two 
recrystallizations from the same _ solvent. 
Hence, the mother liquor of each recrystalli- 
zation was combined, mixed with more 70 mg. 
of 3a-hydroxy-12-ketocholanic acid, and eva- 
porated to dryness. The residue was dissolved 
in acetic acid and oxidized with chromic acid 
as described above. ‘The reaction mixture 
was diluted with water, extracted with ether, 
and the solvent was evaporated from the ex- 
tract. The residue was recrystallized twice 
from methanol-water. The crystals of the 
isolated 3, 12-diketocholanic acid, melting at 
188~189°C, had a constant value of specific 
activity on repeated recrystallization. 

Weight of crystals Recrystn. solvent c.p.m./mg. 
i 42 (mg.) — 67 


OF, 33 methanol-water 76 
3. 11 I 68 
4, 6 /I 70 


The results indicated that Peak X did 
not contain radioactive 3a-hydroxy-12-keto- 
cholanic acid, but a stereoisomer of this acid, 
such as 3f-hydroxy-12-ketocholanic acid, as 
described in the case of the bladder bile. 


DISCUSSION 


In order to prove Shimizu’s assump- 
tion mentioned earlier Kim (9) and Sasaki 
(10) administered cholic, 3a-hydroxy-7,12-di- 
ketocholanic, or dehydrocholic acid to guinea 
pigs, taking advantage of the fact that the 
bile of this animal species contains only 
chenodeoxycholic acid together with its 
partially oxidized acid (/J), and that neither 
deoxycholic nor cholic acid is present natural- 
ly. They were able to isolate deoxycholic 
acid not only from urine but from bile of 
the animal and believed to have confirmed 
the assumption that cholic acid was converted 
in the animal organism into this bile acid, 
dehydrocholic acid being here inferred as an 
obligatory intermediate, and, furthermore, 
assumed that chenodeoxycholic acid proper 


Asie Ll 


Cholic acid 
3a-Hydroxy-7, 12-diketocholanic 
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38-Hydroxy-7, 12-kiketocholanic 
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36-Hydroxy-12-ketocholanic acid 
(identified as 3, 12-diketochola- 
nic acid) 


Bladder bile 
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Feces and intesti- : 3 
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38-Hydroxy-12-ketocholanic acid 
(identified as 3, 12-diketochola- 
nic acid) 
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Fic, 15. Metabolic fate of dehydrocholic acid in guinea pig. 
Solid lines: Reactions that have been directly demonstrated. Broken lines: Probable pathways 
(not directly demonstrated). 


The reactions on the left side do not occur (-7~). 
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to this animal species was also derived from 
cholic acid, though not experimentally demon- 
strated. 

The present results obtained (Table ID) 
were satisfactorily consistent with the data 
of Kim () and Sasaki (JO), and the 
metabolic fate of C!*-labeled dehydrocholic 
acid administered to guinea pigs may be sum- 
marized as indicated in Fig. 15. 

By the in vivo as well as in vitro experi- 
ments with rabbits or rats (6, 2, 13), it has 
bebome evident, that the liver is responsible 
for the reduction of dehydrocholic acid to 
3a- and/or 3$-hydroxy-7,12-diketocholanic ac- 
id. The conclusive evidence, however, that 
further reduction of these hydroxydiketo bile 
acids to deoxycholic or chenodoxycholic acid 
in the liver, according to Shimizu’s as- 
sumption, has not yet been available. On 
the contrary, Bergstrém and his coworkers 
(7) have shown that cholic acid, during its 
enterohepatic circulation, is converted into 
deoxycholic acid through the action of the 
intestinal microdrganisms and not by the 
liver enzyme, which was recently confirmed 
by the present workers (4). 

The present experiment demonstrated 
that C-labeled dehydrocholic acid found its 
way as C14-labeled deoxycholic acid in bile 
and feces, including intestinal contents. This 
finding might seemingly confirm Shimizu’s 
assumption, but its interpretation must be 
changed, because C'-labeled deoxycholic acid 
could not be found in bile when C**-labeled 
dehydrocholic acid was injected after the 
animals were furnished with fistulas (4). This 
transformation is therefore attributed to the 
intestinal microérganisms and not to the liver 
enzyme system. 

This interpretation was further confirmed 
by the fact that the isotope administered was 
not incorporated into any of the bile acids 
proper to guinea pig, such as chenodeoxy- 
cholic or 3a-hydroxy-7-ketocholanic acid. 


SUMMARY 


1. Intact guinea pigs were administered 
intraperitoneally with sodium dehydrocholate 
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[24-C'*], and labeled metabolites were traced 
in their excreta. 

2. Radioactive bile acids found in excreta 
were as follows: Cholic, 3a- and 38-hydroxy- 
7,12-diketocholanic, and dehydrocholic acids 
in urine; cholic and deoxycholic acids, and 
an isomer of 3a-hydroxy-12-ketocholanic acid 
in bladder bile; cholic acid, its stereoisomer, 
deoxycholic acid, and an isomer of 3a-hydroxy- 
12-ketocholanic acid in feces and intestinal 
contents. 

3. The metabolic fate of dehydrocholic 
acid in guinea pig was discussed and Shi- 
mizu’s assumption was criticized. 


The authors express their thanks to Miss N. 
Hatano for her technical assistance throughout this. 
work. 
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In the previous report (J) from this 
laboratory it was demonstrated that the cell 
suspensions from the popliteal lymph nodes 
of rabbits, immunized by injection of crystal- 
line ovalbumin at foot pads, had a very high 
activity to incorporate C14-glycine into anti- 
body under aerobic conditions. There are 
several works now available, which indicate 
the incorporation of labeled amino acids 
into antibody by immunized lymphatic and 
reticuloendothelial tissue slices (2-5). Since it 
is well known that antibody is generally closely 
associated with serum 7-globulin, it seems very 
reasonable to suppose the intimate correlation 
between the biosynthesis of these two proteins 
in the immunized animal. It was shown by 
the authors (6) that slices of lymphatic and 
reticuloendothelial tissues, especially those of 
spleen from immunized rabbits showed a high 
activity in the incorporation of C!*-glycine not 
only into antibody but also into other 7- 
globulin which is not precipitable by specific 
antigen but precipitable by antiserum against 
the rabbit serum 7-globulin. Similar results, 
indicating a high activity of the lymphatic and 
reticuloendothelial tissues of immunized rabbits 
in the incorporation of labeled amino acid into 
antibody and other 7-globulin zz vivo and in 
slices, were recently reported by Askonas 
and others (7, 8). Askonas (9) further 
reported net synthesis of antibody by the 
isolated perfused lung of hyperimmunized 
rabbits. Simultaneous occurrence of net 
synthesis and labeling of antibody in spleen 
or lymph nodes cells iz vitro were demonstrat- 
ed by Steiner and Anker (J0) Stavit- 
sky and Wolf (JJ, 12) and La Via et al. 
(13), employing tissue culture technique which 


allowed the cells to remain active for 1—3 
days. Higashi and Hasegawa (/#) re- 
ported the net synthesis of serum 7-globulin 
by normal horse liver slices. 

Concerning the intracellular site of serum 
protein synthesis in animal tissues, Peters 
(15) first indicated from the results of the 
isotopic experiments iz vivo and with liver 
slices that liver microsomes were the mainsite 
of albumin synthesis. Recently, Campbell 
et al. (16) and the authors (17, 18) succeeded 
in demon- strating the incorporation of C1- 
amino acid into microsomal albumin by a 
cell free system consisting of liver microsomes 
and cell sap or the pH 5 fraction. 

This communication describes the study 
on the intracellular site in spleen cells of 
immunized rabbits for the synthesis of anti- 
body and other ;7-globulin iz vivo and in 
slices. The cell free system which is respon- 
sible for the incorporation of C'*-amino acid 
into the total ;-globulin in microsomes of 
hyperimmunized spleen cell is also reported. 


EXPERIMENTAL 


Chemicals—C4-2-Glycine (1 pc/0.258 pmole), C'- 
u-leucine (uniformly labeled, 1 uc/0.169 umole), and 
an acid hydrolysate of algal C'*-protein (1 pc/0.005 
mg.) were obtained from Radiochemical Centre, 
Amersham, England. S**-t-Methionine was prepared 
by the modified method of Niklas (19) and the 
specific radioactivity was | yuc/0.173 moles or 1 pc/ 
0.547 pmoles in use. 

Adenosine triphosphate (disodium salt, ATP) and 
guanosine triphosphate (sodium salt, GTP) were ob- 
tained from Sigma Chemical Co., U.S.A. Phospho- 
creatine (sodium salt) was prepared by the method of 
Lardy et al. (20), and creatine kinase by that of 
Kuby et al. (27). Crystalline ribonuclease (RNase) 
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and sodium desoxycholate were obtained from Worth- 
ington Biochemical Co. and Difco Lab., respectively. 

Immunological Procedures—Adult albino rabbits 
(about 2.5kg) received intravenous injection of 10mg. 
of alum-precipitated crystalline ovalbumin, purified 
by the method of Keckwick et al. (22) and recry- 
stallized 3 times. The injection was made on alterna- 
tive days for at least 4 weeks. The serum antibody 
level was measured 3 to 5 days after the last injection by 
the quantitative precipitin method of Heidelber- 
ger and Kendall (23) and animal with the high 
serum titer (above 0.8mg. N of antigen-antibody 
precipitate per 1 ml. of serum) was used. At least 
30 days after the last antigen injection, the rabbits 
received intravenous injuction of 50-100 mg. of antigen 
at once. The hyperimmunized rabbits thus obtained 
were employed in the following experiments. 

For the preparation of antiserum against rabbit 
y-globulin, alum precipitated rabbit serum 7-globulin, 
purified 3 times by the ammonium sulphate fractiona- 
tion (between 1.1 M and 1.35 M) and showing single 
component in electrophoretic or ultracentrifugal analy- 
sis, Was given intravenously to cocks every other days 
for at least 4 weeks. 

Fractionation of Cellular Components—The modified 
method of Hogeboom et al. (24) were employed. 
The spleen was homogenized in a Potter-Elvehjem 
type glass 
sucrose in a cold room. 


homogenizer with 3 volumes of 0.25 M 
Nuclear, mitochondrial, 
microsomal and supernatant fractions were isolated by 
means of differential centrifugation for 10 minutes at 
700 g, for 10 minutes at 10,000 g and for 90 minutes 
at 105,000~ g, 
was further purified by the procedures described by 
Hogeboom e¢ al. (24). 

Fractionation of Antibody and 7-Globulin from Each 
Cellular Components—The particulate 
treated with 0.8% sodium desoxycholate at 0°C for 2 
hours by the method of Peters (/5) and then the 
suspension was centrifuged at 105,000 g for 90 minu- 
tes. The desoxycholate soluble fraction thus obtained 
as well as cellular supernatant fraction was dialyzed 
against 0.9% saline adjusted to pH 7.6 with Tris 
(hydroxymenthyl) aminomethane (Tris) buffer at 0°C 
for 24 hours. 

After removing 
method of Campbell (25) the desoxycholate soluble, 
supernatant and medium fractions were adjusted to 
pH 4.8 with 0.1 W acetic acid, followed by centrifuga- 
tion for 10 minutes at 10,000 g, in order to remove 
the postmicrosomal fraction (26) from the supernatant 
fraction and to avoid the possible contamination of 
unspecific proteins from antibody and ;-globulin frac- 
tion.* The clear supernatants thus obtained were neutral- 


respectively. The nuclear fraction 


fractions were 


unspecific lipoprotein by the 
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ized to pH 7.0 and then subjected to the isolation of anti- 
body and other 7-globulin. After removing unspecific 
protein by adding bovine serum albumin and suitable 
amount of cock antiserum against bovine serum 
albumin (23), specific antibody was precipitated by 
addition of carrier antiserum (rabbit anti-ovalbumin 
serum) and suitable amount of antigen. After the 
isolation of antibody, other 7-globulin was fractionated 
by addition of a calculated amount of cock anti-rabbit 
y-globulin serum (23). In the case of the fractiona- 
tion of the total 7-globulin including antibody, the 
procedure of antibody isolation was omitted. The 
specific precipitates thus obtained (antibody and 
y-globulin) were centrifuged and washed twice with 
ice cold 0.9% saline. The detailed procedures were 
shown in our previous papers (6). 

Experiment in Vivo—The rabbit was injected intra- 
venously with 20 uc of Ci4-glycine or 40 wc of S35- 
methionine 96 hours after the last antigen injection, 
since the antibody formation in vivo (27) and in spleen 
slices (6) was found to be most active at this time. 
At a given time after the injection of labeled amino 
acid, the rabbit was killed by exsanguination and the 
spleen was chilled and perfused rapidly with ice cold 
0.9% saline in a cold room. The spleen was then 
subjected to cellular fractionation and the total ;- 
globulin of each cellular fraction was separated as 
described above. 

Preparation and Incubation of Spleen Slices—The rab- 
bit was killed by slowly bleeding from one of carotids, 
the spleen perfused and slices of about 0.5mm. thick- 
ness were prepared with Stadie-type slicer in a cold 
room. 

One gram of slices was incubated with 0.4 ml. 
(5 pc) of Cl4-glycine in Warburg vessel, containing 
2.6 ml. of slightly modified K re bs-Ring er phospzate 
solution** as described in our previous paper (/), at 
37°C. under the atmosphere of oxygen. Immediately 
after the incubation, the vessels were chilled in ice 
cold water, and the contents were centrifuged for 10 
minutes at 700g. The following procedures were 
carried out in a cold room. The precipitated slices 
were then washed twice with 1 ml. of the cold medium 
by centrifugation. Each of supernatants was collected 
and used as the medium fraction, and the washed 
slices were subjected to the cellular fractionation. 

Preparation and Incubation of Cell Free System—Sple- 
en microsomes and the pH 5 fraction were prepared 


* This procedure was usually ommited in the case 
of cell free experiments. 

** 0.9% NaCl, 100; 1.15% KCl, 4; 3.84% MgSO, 
7H,O, 1; 0.1 M Sérensen’s phosphate buffer (pH 7.8), 
Guile 2276 CaCl; 3: 
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by the method of Keller and Zamecnik (28), 
except that 0.05M Tris buffer (pH 7.6) was substi- 
tuted for bicarbonate buffer as described by Little- 
field and Keller (29), and that the pH 5 fraction 
was precipitated at pH 4.8 by adding 0.1 N acetic 
acid. The pH 5 supernatant fraction was prepared 
by neutralizing the supernatant after precipitation of 
the pH 5 fraction with 0.1 N KOH, and a enzyme 
fraction having an activity in transfer of C'4-amino 
acids from soluble RNA to microsomal protein was 
fractionated from the rat liver pH 5 supernatant 
fraction with ammonium sulphate between 30 and 50 
per cent saturation and treated with the gel filtration 
method of Porath and Flodin (30). The soluble 
RNA labeled with C'4-amino acids was prepared from 
rat liver pH 5 fraction by the method of Hoagland 
et al. (31) employing an acid hydrolysate of algal 
C'4-protein. 

The basic incubation medium contained in a total 
volume of 2 ml; 5mM MeCl,, 50mM KCl, 10mM 
KHCO;, 50m Tris buffer (pH 7.9), 1mM ATP, 
0.25mM GTP, 43myuM C-leucine (total counts, 6.2 
x 10° counts per minute), 20 mM phosphocreatine, 100 
ve. of creatine kinase, about 8 mg. protein of spleen 
microsomes, and about 6 mg. protein of rat liver pH 
5 fraction. The incubation was carried out at 30°C 
for 30 minutes. 

The reaction was stopped by adding an ice cold 
medium containing 0.01% 
acids mixture and the reaction mixture was centrifug- 
ed at 105,000xg for 90 minutes. 
fraction thus obtained was subjected to desoxycholate 


C2-leucine or C!2-amino 
The microsomal 


treatment as described above. 

In the case of the transfer experiment, the soluble 
RNA labeled with C!4-amino acids and pH 5 super- 
natant fraction or the enzyme fraction were substituted 
for C'4-leucine and the pH 5 fraction respectively. 

Washing and Determination of Radioactivity of Specific 
Precipitates and Other Protein Fractions—Each protein frac- 
hot trichloroacetic 
acid and the precipitate was washed 4 times with 5% 
trichloroacetic acid, 2 times with absolute ethanol and 
2 times with hot ethanol-ether (3: 1). 

The protein fractions were then put in a stainless- 


tion was then treated with 5% 


steel or aluminium disk, dried and weighed, and their 
radioactivity was determined in a RIDL Model 21 
preflush flow counter or a Lauritzen Electroscope 
and suitable ‘self-absorption factors were applied to 
correct counts to zero thickness. ‘The specific activity 
of the total 7-globulin of each cellular fraction was 
corrected by the factor for antigen-antibody ratio 
previously determined according to Heidelberger’s 
method (23).* 


Analytical—Protein was determined by the modified 
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method of Folin and Ciocalteu (32). 


RESULTS 


The purified rabbit serum ;-globulin and 
the extract from each cellular fraction of 
hyperimmunized spleen were tested for 
antigenic heterogeneity by Ouchterlony’s 
gel diffusion method (33), employing cock 
antiserum against rabbit serum j7-globulin. 
Double diffusion in agar with purified serum 
y-globulin and the extract of each cellular 
fraction gave one precipitation line and 
migrated completely. This indicates im- 
munological identity of our 7-globulin fraction 
of each cellular component with the serum 
y-globulin (Fig. 1). 

The in Vivo Incorporation of Labeled Amino 
Acid into the Total 7-Globulin of Each Cellular 
Component of Hyperimmunized Rabbit Spleen—In 
order to investigate the relative rate of the 
incorporation of labeled amino acid into the 
total 7-globulin (including antibody) of each 
cellular component zz vivo, the specific activity 
of the total 7-globulin of mitochondria, nuclei 
and supernatant was expressed as per cent of 
that of microsomes at given times up to 2 
hours after the injection of C!4-glycine or S%- 
methionine (Fig. 2). It was observed that the 
specific activity of the total ;-globulin of 
microsomes up to 60 minutes after injection 
was higher than that of other cellular fractions 
and at 2 hours the specific activity of the 
total ;-globulin of mitochondria became 
higher than that of microsomes. It was 
further found that the specific activity of the 
total 7-globulin of each cellular component 
was remarkably higher than that of serum 
antibody and other 7-globulin even at 2 hours 
after injection. The results may indicate 
that the synthesis of ;-globulin including 
antibody is highly active in microsomes and 
suggest the possibility that microsomal ;- 
globulin is the precursor of that of other cel- 
lular components although the synthetic ac- 
tivity of mitochondria and nuclei can not 
be completely ruled out. 


* In this case the addition of carrier rabbit serum 
y-globulin against ovalbumin was not carried out before 
the precipitation of y-globulin as described above. 
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1 


(microsome) (mitochondria) 


3 


(nucleus) (supernatant) 


Fic. 1. Double diffusion in agar of rabbit spleen cellular fractions. 
Center well: cock antiserum against rabbit scrum j7-globulin; 7: y-globulin; Mc, Mt, N: dialyzed 
desoxycholate extracts of microsome, mitochondria and nuclei respectively ; Sup: dialyzed supernatant ; 


diffusion time: 4 days (at 37°C) 
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Fic. 2. Relative value of the specific activity 


of total y-globulin of each cellular fraction at 
given times after the injection of C!4-glycine or 
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S%°-methionine into hyperimmunized rabbit. 


Expressed as per cent of the specific activity 
of microsomal total 7-globulin. 
glycine (20 wc) was used, (2) (3): S**-methionine 
(40 pc) was used, (4): average of two experiments, 


(5): normal rabbit. 


TOTAL RADIOACTIVITY (c.p.m.) 


Nuc-Ab, Sup-Ab, Med-Ab: antibody of microsomes, mitochondria, , nuclei, 
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The Incorporation of C'*-Glycine into Antibody 
and Other 7-Globulin of Each Cellular Component 
by Hyperimmunized Spleen Slices—After the in- 
cubation of hyperimmunized rabbit spleen 
slices with C14-glycine, antibody and other ;- 
globulin were separated from each cellular 
fraction by the immunological methods 
described in “ Experimental” and the total 
radioactivity of each protein fraction was de- 
termined. Two typical time courses are shown 
in Fig. 3 (1) (2). Radioactivity appeared 
most rapidly in the antibody of microsomal 
fraction, whereas the labeling of that of other 
cellular fractions showed a delay of about 
10 minutes and that in the medium had a 
longer delay of about 20 minutes, and then 
increased rapidly with time up to 2 hours. 
The same was observed with regard to the 
labeling of other 7-globulin of each cellular 
component, although the extent of the label- 
ing was lower than that of the antibody of 
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Fic. 3. Time course of the total radioactivity of antibody and other j;-globulin of each cellular 
fraction and medium during the incubation of spleen slices with Cl4-glycine. 

Each Warburg flask, containing 1g. of spleen slices, 2.6ml. of the modified Krebs-Ringer 
phosphate and 0.4 ml. of C'*-glycine (1.29 pmoles) was incubated at 37°C for given times under the 
gas phase of oxygen. The reaction was started after 10 minutes equilibration period. Mc-Ab, Mt-Ab, 


supernatant and medium 


respectively ; Mc-y, Mt-7, Nuc-7, Sup-y7, Med-y: other y-globulin of each cellular fraction, 
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the corresponding cellular fraction.* 

In was also found that the total radio- 
activity of antibody or other 7-globulin of the 
microsomes is remarkably higher than that of 
the other cellular fractions. 

The time relationship of the specific ac- 
tivity of the total 7-globulin including antibody 
of each cellular fraction was shown in Fig. 4. 


— 


i 


20 
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TIME OF INCUBATION (minutes) 

Fic. 4. Time course of the specific activity 
of the total 7-globulin of each cellular components, 
microsomal ribonucleoprotein and total soluble 
protein. 

The experimental conditions were the same 
as in Fig. 3. Mc-G, Mt-G, Nuc-G, Sup-G, Med- 
G: total 7-globulin of microsomes, mitochondria, 
nuclei, supernatant and medium; Mc-RNP: micro- 
somal ribonucleoprotein ; Sol-P: total soluble pro- 
tein. 


The similar time course was obtained as in 
the former experiment. It was noticeable 
that no appreciable delay was observed in 
the labeling of microsomal ;-globulin and 
that the specific activity of the microsomal 
total y-globulin was also remarkably higher 
than that of the other cellular fractions dur- 
ing the course of incubation, while no ap- 


* The total radioactivity of the unspecific protein 
(see Experimental) of microsomes was about | per 
cent of that of the microsomal total 7-globulin. 


665 


preciable difference was observed among the 
specific activity of the total 7-globulin of 
mitochondria, nuclei and supernatant fractions, 
as also shown in Fig. 5. The specific activity 
of the total 7-globulin in medium was lower 
than that of each cellular component up to 
1 hour of incubation. It was of interest that 
the specific activity of the total 7-globulin, 
especially that of microsomes, was remarkably 
higher than not only that of total soluble 
protein but also that of microsomal ribonucleo- 
protein even at a short incubation period. 
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Fic. 5. Relative value of the specific activity 


of the total 7-globulin of each cellular component 
and medium after 60 minutes incubation of spleen 
slices. 

Expressed as per cent of the specific activity 
of microsomal total y-globulin. Average value of 
6 experiments. The experimental conditions were 
the same as in Fig. 3. Mc-G, Mt-G, Nuc-G, 
Sup-G, Med-G: Mc-RNP; Sol-P: the same as in 


Fig. 4. 


In order to obtain more definite evidence 
that the microsomal total 7-globulin was the 
precursor of that of other cellular fractions, 
the time course of the specific activity of the 
total 7-globulin of each cellular fraction was 
examined during the incubation of labeled 
spleen slices in the medium containing no 
radioactivity. The labeled slices was prepared 
by the preincubation of the hyperimmunized 
spleen slices with C*-glycine, followed by 
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washing with non-labeled medium. As shown 
in Fig. 5, the specific activity of the total 7- 
globulin of microsomes decrease from almost 
the beginning of incubation in unlabeled 
medium, whereas that of the total 7-globulin 
of other cellular fractions increased for about 
30 minutes and then decreased, and that in 
medium increased continuously from _ the 
begining of incubation. 

These results, in good agreement of those 
of our in vivo experiments, may indicate that 
the hyperimmunized spleen slice has a high 
activity in the formation of labeled ;-globulin, 
especially in that of antibody, and that the 
microsome is the main site of the synthesis 
of antibody and other ;-globulin. 
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Fic. 6, Release of total 7-globulin from each 
cellular fraction of pre-labeled spleen slices. 

After preincubation of spleen slices with C}4- 
glycine at 30°C for 60 minutes under the same 
conditions as in Fig. 3, the slices were washed 
with Krebs-Ringer phosphate solution and incu- 
bated in non-labeled medium for the periods 
indicated. 


The Incorporation of C'*-Amino Acid into 
Antibody and ;-Globulin by a Cell Free System— 
From the results of the experiments described 
above, it seemed reasonable to investigate 
whether a cell free system consisting of micro- 
somes and the pH 5 fraction (37) had activity 
to incorporate C*-amino acid into antibody 
and other 7-globulin, since there were many 
indications that this system might provide 
the main pathway for the protein biosynthesis 
in microsomes. At first investigation was 
made of the incorporation of C!*-leucine into 


the microsomal total 7-globulin without sepa- 
ration of antibody. Since it was found that 
the rat liver pH 5 fraction could replace the 
spleen pH 5 fraction in the incorporation 
into both microsomal ribonucleoprotein and 
the total ;7-globulin and was found to have 
higher activity in some experiments, the pH 
5 fraction from rat liver was used in the 
following experiment. 

The components required for the incorpo- 
ration in cell free system was shown in Table 
I. In the absence of the pH 5 fraction, there 
was a low level of incorporating activity, and 
this reduction was remarkably when once 
washed microsomes were employed. It was 
of interest that GTP was indispensable for 
the incorporation, together with ATP and an 
ATP generating system. The results were in 
good agreement with those of Keller and 
Zamecnik (28), concerning the incorpora- 
tion of C1#-amino acids into the total micro- 
somal proteins by the liver cell free system, 
and suggested the participation of the soluble 
RNA in the incorporation as first show by 
Hoagland é¢ al. (31). The preincubation 
of the reaction mixture with a low concentra- 
tion of RNase (0.25 yg. per ml.) remarkably 
reduced the incorporation. Also the preincu- 
bation of the pH 5 fraction with RNase 
followed by reprecipitation at pH 5 inhibited 
the incorporation, as compared with that 
of the control experiment, in which the 
preincubation of the pH 5 fraction without 
RNase followed by reprecipitation at pH 
5 was employed. The results may indicate 
the participation of the soluble RNA in the 
incorporation, although the decrease in the 
amino acid activation by this procedure 
must be considered, which was reported 
by the present author (34) and Von der 
Decken, and A a@liin, (oo) As_ also 
shown in this Table, the preincubation of the 
pH 5 fraction at 30°C for 30 minutes (without 
RNase) followed by reprecipitation alone was 
found to reduce the incorporation as com- 
pared with that by the original pH 5 fraction. 
The result may indicate the importance of 
the end group of the soluble RNA in the 
process of the incorporation, since it was 
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TABLE I 


Incorporation of C'4-Leucine into Total y-Globulin by Cell Free System 


Specific activity (counts/min./mg.) 
y-Globulin Ribonucleoprotein 
(A) Complete system 610 | 117 es 
Minus ATP 85 15 
Minus GTP 85 37 
(B) Complete system 1,455 350 
Minus pH 5 fraction 690 | WS 
(C) Complete system (washed microsomes) 2,990 395 
Minus pH 5 fraction 185 | 83 
(D) Complete system 3,960 | 635 
Plus RNase 641 99 
| 
(E) Complete system 6,106 1,200 
Preincubated pH 5 fraction with RNase” 118 49 
Preincubated pH 5 fraction without RNase” 2,520 312 


(A) The compiete system; 5mM MgCl,, 50mM KCl, 10mM KHCO;, 50mM Tris buffer (pH 7.9), 
I1mM ATP, 0.25mM GTP, 43myvMC"-leucine (total counts, 6.2 10° counts/min.), 20 mM 
phosphocreatine, 100 wg. of creatine kinase, about 8 mg. protein of spleen microsomes and about 


6mg. protein of rat liver pH 5 fraction, in a total volume of 2ml. 


30 minutes. 
(B) The same conditions as in (A). 


Incubated at 30°C for 


(C) The same conditions as in (A), except that once washed microsomes were used. 
(D) The incubation mixture with C'4-leucine was preincubated with or without 0.25 wg. RNase per 


ml. for 10 minutes at 30°C. 


(E) The pH 5 fraction was preincubated with? or without” RNase (5 yg./ml.) at 30°C for 10 
minutes, and then reprecipitated at pH 4.7 (34). 


shown by Hecht and others (36) that such 
treatment caused the loss of the end group 
of the soluble RNA. It was also observed 
that there was a good parallelism between 
the inhibition of the labeling of the total ;- 
globulin and that of the ribonucleoprotein, 
indicative of the importance of the ribonu- 
cleoprotein in the biosynthesis of ;-globulin 
in microsomes. 

To obtain the more direct evidence for 
the participation of the soluble RNA in the 
y-globulin synthesis, the transfer of C'4-amino 
acids from the soluble RNA to the total 7- 
globulin was investigated, employing soluble 
RNA labeled with hydrolysate of C'*-algal 
protein. 

The time course of the reaction (Fig. 7) 


showed the more rapid labeling of the micro- 
somal total 7-globulin, as compared with that 
in the case of the labeling with free C'*-amino 
acid shown in Fig. 8. It was further observed 
that the total radioactivity of the unspecific 
protein was very low, indicating the formation 
of true labeled y-globulin in this case. 

The requirement for this transfer was 
then examined (Table II). The pH 5 super- 
natant fraction from hyperimmunized rabbit 
spleen was necessary for the incorporation, 
although it could be replaced by the rat liver 
pH 5 supernatant fraction. Employing an 
enzyme fraction partially purified by ammo- 
nium sulphate fractionation from rat liver 
pH 5 supernatant, it was demonstrated that 
not only ATP but also GTP were required. 
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TaBLeE II 
The Labeling of Microsomal Total ;-Globulin by C'4-Amino Acids Bound to S-RNA 
(1) : : , 
Total radioactivity (counts/min.) 
y-Globulin | Ribonucleoprotein 
= : —| 2 
Complete system 104 | 1,579 
Plus rabbit spleen pH 5 supernatant” 129 1,027 
Minus pH 5 supernatant 28 316 
(2) ; "3 ' tit a if Mew, 4 
Total radioactivity (counts/min.) 
7-Globulin Ribonucleoprotein 
Complete system 332(39%) 650 
Minus ATP 33(10%) 126 
Minus GTP 13422) 290 
Minus GTP, ATP, ATP generating system PANE 382)) 120 
Plus rat liver pH 5 supernatant” 404(55°?) 778 


(1) The complete system was same as in Fig. 7, except that the soluble RNA (87 yg., 20,000 counts 
per minute) labeled with an acid hydrolysate of algal C!4-protein was used. The incubation 
was carried out at 30°C for 30 minutes. 

1) Rat liver pH 5 supernatant fraction was replaced by rabbit spleen pH 5 supernatant fraction. 

(2) The complete system was the same as in (1), except that pH 5 supernatant fraction was 
replaced by an enzyme fraction (6 mg. of protein) described in the text and the soluble RNA 
(58 ywg., 28,700 counts per minute) was used. The incubation was carried out at 30°C for 
15 minutes. 

2) The enzyme fraction was replaced by the pH 5 supernatant fraction. 
3) Total radioactivity of unspecific proteins. 


TABLE III 


Incorporation of C'4-Leucine into Microsomal Antibody and Other 7-Globulin 
by Cell Free System 


Total radioactivity (counts/min. ) 


Antibody Other 7-globulin Unspecific protein Ribonucleoprotein 
| 
53 | 175 - 2,079 
70 | 172 | 15 1,643 


The experimental conditions were the same as in Table I (A). After removing unspecific 


protein, the antibody and other ;-globulin were precipitated by adding antigen and antiserum 
respectively as described in the text. 
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2000 


TOTAL RADIOACTIVITY (c.p.m.) 


i0 30 
TIME OF INCUBATION (minutes ) 
Fie. 7. 
somal total ;7-globulin and ribonucleoprotein by 
C'*-amino acids bound to soluble RNA. 
The spleen microsomes once washed with the 


Time course of the labeling of micro- 


suspending medium (8 mg. of protein) and pH 5 
supernatant fraction (7 mg. of protein) were in- 
cubated at 30°C for given time with the labeled 
soluble RNA (58 yg., 28,700 counts per minute) 
in the medium, containing 5mM MgCl,, 50mM 
KCI, 10mM@ KHCO;,50mM Tris buffer (pH 
7.9), 1mM ATP, 0.25mM GTP, 20mm phos- 
phocreatine, 100 vg. of creatine kinase and 10 mM 
glutathione in a total volume of 2ml. RNP: 
microsomal ribonucleoprotein, Mc-G: microsomal 
total y-globulin, Unspecific-Pr: unspecific protein. 
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Fic. 8. Time course of the labeling of the 
microsomal antibody and 7-globulin by cell free 
system. 

The experimental conditions and analytical 
methods were the same as in Table I]. RNP: 
microsomal ribonucleoprotein, Mc-y: microsomal 


y-globulin, Mc-Ab: microsomal antibody. 


for the incorporation into both microsomal 
total 7-globulin and ribonucleoprotein. 
In order to determine to what extent the 
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labeling of the total 7-globulin was due to 
that of antibody, the total radioactivity of 
the microsomal antibody and other 7-globulin 
were determined after the incubation of hy- 
perimmunized spleen microsomes with C\4- 
leucine in the presence of the rat liver pH 5 
fraction, GIP, ATP, and an ATP generating 
spstem. Table III shows that the total radio- 
activity of antibody was lower than that of 
other y-globulin, although it was higher than 
that of the unspecific protein. This result 
was somewhat different from that obtained 
in the slice experiment in which total radio- 
activity of antibody was higher than that of 
other 7-globulin. The time course of the reac- 
tion are shown in Fig. 8. 


DISCUSSION 


It must first be mentioned that identifica- 
tion of the 7-globulin fraction released from 
each cellular component was performed with 
immunological procedures. Owing to its high 
sensitivity, the results may suggest that our 
antibody and ;-globulin fraction represent 
nearly the same characteristics as serum 
antibody and 7-globulin respectively, although 
it is hoped to demonstrate unequivocally that 
isolated radioactive protein has all the 
characteristics of specific antibody or serum 
y-globulin. The low level of radioactivity of 
unspicific protein obtained by the treatment 
with unrelated antigen and its antibody in 
both cases of slice or cell free system may be 
in favor of this view. 

There have been many recent studies 
indicating that the microsome or its ribonu- 
cleoprotein particle (ribosomes) is the main 
site in protein synthesis in animal tissues (see 
the review by Hoagland (37)). 

Recent works concerning the synthesis of 
plasma protein were in favor of this view 
(15-18). The results of the present experi- 
ment with immunized spleen in vivo and in 
slices also indicate that antibody and other 
y-globulin may be synthesized most actively 
in microsomes (probably ribosomes) of spleen 
cells in the form bound to them and then 
released to other cytoplasmic phase. ‘This 
assumption is based on the following observa- 
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tions: 1. the specific activity of the total 7- 
globulin including antibody of microsomes is 
remarkably higher than that of other cellular 
fractions at each incubation period in the 
slice experiment and at the early time after 
the injection of labeled amino acid in the 
experiments iz vivo; 2. there is a negligible 
delay before radioactivity is detectable in 
the microsomal antibody and other 7-globulin 
of immunized spleen slices, whereas a short 
but definite delay is observed in labeling 
of those of other cellular fractions. The 
above mentioned assumption was further 
confirmed by the experiment observing the 
time course of the release of the labeled total 
y-globulin from each cellular components of 
the prelabeled slices. 

These findings are generally in good 
agreement with those of Peters (5) con- 
cerning the labeling of serum albumin by 
chick liver slices and in vivo. 

Our results also suggest that newly formed 
antibody and other ;-globulin may pass 
through soluble phase before secretion, since 
a long delay was observed before these label- 
ed proteins appeared in the medium. The 
results of the experiment on the release of 
the labeled slices is also in favor of such as- 
sumption. Similar results were reported by 
Peters (/5) concerning the release of albumin 
into medium from liver slices and by Asko- 
nas e¢ al. (38) concerning the release of 
antibody into medium from slices of spleen 
and lymph gland from the immunized rabbit. 

The possibility was not completely ruled 
out that other cellular particulate component 
such as mitochondria or nuclei has some 
activity in synthesis of antibody and other 7- 
globulin. It must be mentioned that negligible 
incorporation into nuclear albumin was 
observed by Peters (/5) in the case of liver 
slices. Therefore, the incorporation into 
nuclear antibody and other 7-globulin in our 
experiments suggests the possibility that the 
nuclei of immunized spleen cells perform the 
formation of these specific proteins. However 
it seems more likely that the nuclei or mito- 
chondria may bind the newly formed antibody 
and other ;-globulin, and play a role asa 


trap in their secretion, since the rate as well 
as the extent of the incorporation of C'*- 
glycine into these two specific proteins of the 
nuclei or mitochondria is not different from 
that of the supernatant fraction, from which 
postmicrosomal fraction was removed by 
precipitation at pH 4.8. Further experiments 
employing more precise fractionation of each 
cellular component to prevent the contamina- 
tion of other fractions and those employing 
a cell free system with isolated mitochondria 
or nuclei are necessary before discussing such 
problems. 

The incorporation of C**-leucine into 
microsomal total 7-globulin was further shown 
in a cell free system from hyperimmunized 
spleen, consisting of the pH 5 fraction and 
microsomes. It must be emphasized that 
amino acid activating enzymes, soluble RNA 
and microsomes may provide the main path- 
way for the incorporation of labeled amino acid 
into 7-globulin, as presented by Zamecnik, 
Hoagland and their associates as the 
general mechanism for the incorporation 
into microsomal or ribosomal total proteins 
(37, 39). The following results are in favor 
of this view: 1. the pH 5 fraction is essential 
for the incorporation and the incorporation 
is very low with the pH 5 fraction pre- 
incubated with RNase followed by precipita- 
tion at pH 5. GTP is required for the in- 
corporation together with ATP and an ATP 
generating system. This assumption was 
further confirmed by the finding that the 
transfer of C'4-amino acids actually occurred 
from the labeled soluble RNA to the micro- 
somal total 7-globulin in the presence of the 
pH 5 supernatant fraction from liver or sple- 
en, GIP, ATP and an ATP generating system. 
These results were consistent with the label- 
ing of hemoglobin by reticulocytes cell free 
system which was reported by Schweet et 
al. (40, 41) and that of albumin by rat liver 
cell free system which was reported by the 
present authers (17, 18). 

It must be noticed that the activity in 
formation of labeled antibody is greatly im- 
paired in our cell free system. The further 
study seems necessary for elucidating whether 
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this is essentially due to the rupture of cel- 
lular structure or due to some other reasons. 


SUMMARY 

Employing hyperimmunized spleen, the 
incorporation of labeled amino acids into ;- 
globulin including antibody of each cellular 
component was investigated zz vive and in 
slices. The cell free system for the incorpora- 
tion of C*-amino acids into the microsomal 
y-globulin was also studied. The following 
results were obtained. 

1. The 7-globulin fraction of each cellular 
component obtained immunologically could 
be identified as serum ;-globulin by means 
of Orchterlony’s gel diffusion method. 

2. The specific activity of the total ;- 
globulin of microsomes was higher than that 
of other cellular fractions at an early hour 
(up to | hour) after the injection of C!- 
glycine and S*-methionine into hyperim- 
munized rabbit and became lower than that 
of mitochondrial fraction 2 hours after injec- 
tion. 

3. During the incubation of immunized 
spleen slices with C'*-glycine, the radioactivity 
appeared most rapidly in antibody and other 
y-globulin of microsomes, whereas a short but 
definite delay (about 10 minutes) was observed 
in the labeling of these proteins of other cel- 
lular fractions, and a longer delay (about 20 
minutes) in the labeling of these proteins in 
the medium. The total radioactivity of 
antibody of each cellular fraction was re- 
markably higher than that of other 7-globulin 
of the corresponding cellular fraction. It 
was further shown that the specific activity 
of the total 7-globulin of microsomes was re- 
markably higher that of the other cellular 
fractions up to 2 hours and that in medium 
showed the lowest value up to | hour during 
the incubation of spleen slices with C'*-glycine. 

4. During the incubation of labeled slices 
in non-labeled medium the specific activity 
of the microsomal, total ;7-globulin decreased 
from almost the begining of the incubation 
and that of other cellular fraction increased 
up to 30 minutes and then decreased, and 
that in medium increased continuously up to 
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2 hours. 

The results mentioned above may indicate 
that antibody and other ;-globulin are most 
actively synthesized in microsomes in the 
form bound to them, released into other 
cytoplasmic phase and then secreted into the 
medium. 

5. The cell free system consisting of hy- 
perimmunized rabbit spleen microsomes and 
the pH 5 fraction of rat liver incorporated 
C*#-leucine into the microsomal total 7- 
globulin. GTP was essential for the incorpora- 
tion, together with ATP and an ATP generat- 
ing system. Preincubation of the reaction 
medium with the low concentration of RNase 
as well as that of the pH 5 fraction with 
RNase followed by reprecipitation at pH 5 
reduced the incorporation. The formation 
of labeled antibody was observed in this 
system, although the extent of labeling was 
very low. 

6. The transfer of C!*-amino acids from 
soluble RNA into microsomal total 7-globulin 
was observed in the presence of the pH 5 
supernatant fraction. The requirement for 
GTP, together with ATP and an ATP 
generating system, was shown with partially 
purified enzyme fraction from the rat liver 
pH 5 supernatant. 

These results may indicate that amino 
acid activating enzymes, soluble RNA and 
microsomes provide the main pathway for 
y-globulin synthesis in immunized spleen 
cells. 


This work was supported by a Grant in Aid for 
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Caeruloplasmin is a copper-protein first 
isolated from porcine serum by Holmberg 
and Laurell (J, 2) in 1948. In their reports 
on the physiological action of caeruloplasmin, 
Holmberg and Laurell described a 
diamine-oxidase activity of caeruloplasmin by 
using dimethyl f-phenylenediamine as the 
substrate. Recently its activity as a hemato- 
poietic factor was reported by Shimizu (3), 
one of the present authors. Caeruloplasmin 
increases in plasma during sudden anemia. 
It is also present in normal human blood and 
is thought to act as a controlling factor of 
hematopoietic system. 

The reduced type of caeruloplasmin 
promotes increased cellular division of already 
existent erythrocytic precursors while its 
oxidized type accelerates the growth of the 
young cells of granulopoietic system (4). 
Caeruloplasmin markedly increases at the ap- 
pearance of anemia in rabbits caused by 
bleeding, phenylhydrazine hemolysis (5), and 
hemolysis by fibrinolytic enzyme (6). Caerulo- 
plasmin lowers serum copper level (7), 
increases catalase activity of rabbit liver, 
accelerates tissue respiration, accelerates ab- 
sorption and storage of iron resulting in a 
marked increase of iron in liver (8), and 
increases the number of young cells of ery- 
thropoietic and granulopoietic systems, even- 
tually to bring about hyperplastic pictures in 
bone marrow but it does not stimulate extra- 
medullar hematopoiesis (9). 

According to our collaborators Osaki 
and Kaya et al. (10, 11), caeruloplasmin 
isolated in crystalline state from porcine 


serum was analyzed by one-dimensional paper 
chromatography and was found to be a cop- 
per-glycoprotein containing 2 per cent of 
sugar, Consisting of hexoses (glucose and man- 
nose) and pentose (xylose). Its molecular 
weight, calculated from Swe) and Dwey values 
is 162,000+ 1,700. 

It had been assumed that the hemato- 
poietic factor in plasma was a glycoprotein 
or related substance (J2-/4) and now caerulo- 
plasmin, which is a copper-glycoprotein, is 
also thought to be a hematopoietic factor. 

In the present paper the method for 
determination of serum caeruloplasmin, de- 
vised by Ravin (J5), estimating its diamine- 
oxidase activity, was modified by use of 
caeruloplasmin crystals isolated from hog as 
a standard. Caeruloplasmin values in various 
diseases were measured, together with serum 
copper level when anemia was present, and 
the values were examined from the point of 
hematopoietic factor. 


METHOD 


I) Determination of Caeruloplasmin Reagents : 
(1) 0.5% p-Phenylenediamine solution: 

A neutral solution obtained by dissolving p- 
phenylenediamine hydrochloride in water and correctly 
neutralized with sodium hydroxide. 

(2) 01M Acetate buffer (pH 6.0). 
(3) 0.1% Sodium azide solution 
(4) 3% Sodium chloride solution 

Procedure: Into a test tube of 1.8cm. in diameter 
and 10cm. in length, 2 ml. of acetate buffer (pH 6.0) 
is pipetted, 0.1 ml. of serum accurately measured is 
added, and the mixture is allowed to stand at room 


temperature for 20 minutes. To this mixture, 1 ml. 
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of p-phenylenediamine solution is pipetted with mixing 
and the mixture is warmed in a bath of 37°C for 
30 minutes. The test tube is taken out of the bath, 
Iml. of 0.1% sodium azide solution is added, followed 
by 6ml. of 3% sodium chloride solution, and the 
total volume of the liquid is brought to 10.1ml. A 
blind test is carried out with the same quantity of the 
same reagents, inhibiting oxidation by addition of 
sodium azide solution before adding p-phenylendiamine 
solution to serum, and treated in a same manner. 
Measurement: Extinction of various test solutions 
are measured by the Beckman Spectrophotometer, 
using a filter of 530 my and the blind test solution at 
zero extinction. Concentration of caeruloplasmin in 
mg./dl. is read from the standard calibration curve. 
Preparation of the Standard Calibration Curve: 
Caeruloplasmin, crystallized from porcine serum, is 
dissolved in distilled water and its extinction at 610my 
The 
concentration of caeruloplasmin is calculated from the 


is read on the Beckman Spectrophotometer. 
following equation and dilution series are prepared 
by dilution of this solution to contain 5-60 mg./dl. of 
caeruloplasmin. The above-described procedure is 
carried out with 0.1m]. of each of these standard 
solutions in place of serum, the extinction is read on 
the spectrophotometer, and the standard curve is 


drawn. 
¥ Ex 
10100 


where Ex=Extinction of the test solution at 610 my 


Caeruloplasmin (g./dl.) = x 162000 


10100= Extinction of 1 mole of crystalline cae- 
ruloplasmin solution at 610 my 
162000=Molecular weight of caeruloplasmin 
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Fic. 1. Standard curve of caeruloplasmin. 


(Oxidase activity) 


II) Evaluation of the Amount of Copper in Caeruloplasmin 


8x 63.5 


Amount of copper (yg.) paz * 762000 


where 63.5=atomic weight of copper 
8 =number of copper atoms contained in one 
molecule of caeruloplasmin 
x =amount of caeruloplasmin (/g.) 
III) Determination of Serum Copper—According to the 
Gubler’s method (J6). 


EXPERIMENTAL RESULTS AND DISCUSSIONS 


The serum caeruloplasmin value in 
normal healthy person was 12.6-15.9mg./dl., 


with crystalline caeruloplasmin as_ the 
standard. 
TABLE I 
Serum GCaeruloplasmin Value in Normal 
Healthy Persons 
Peecrculite clk Gece c cae 
Name Sex Age Caeruloplasmin 
| (mg. /dl.) 

‘T.Y “Male “ 29 ‘ 14.4 

K I I y 30 14.5 

: M:S W 43 15.4 
K-K I | 43 15.9 
N-K WW 28 14.8 

2 N-M i 29 13.8 
S-W 7] 5 12.6 
T-B | Female 30 15.0 
K-T 27 14.8 
S-I I 28 13.0 
S-T Wt 28 1522 

HKRED p 35 14.3 
A-Y WW 50 13.9 
S:A I 33 15.0 
K-S IW 10 14.8 
K-Y | Male 1s) 15.3 
M-R I 23 13.8 


Serum cacruloplasmin value was found 
to be high in infections, pregnancy, malignant 
tumor, and anemia, and low in Wilson’s 
disease and chronic nephritis. Caeruloplasmin 
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Tase II 
Serum Caeruloplasmin Value in Various Diseases 
ae anette ree im 
Patient Sex Age Diagnosis Serum c.p. (mg./dl.) GI Pe 
YT Male 23 Hypoplastic anemia 23.4 
S-E Female 53 wu 24.2 
Oia Male 29 Iron deficient anemia 23.0 
S-M Male 30 Bleeding anemia 24.2 
A-O Female 39 " 2325 
S-O Female 34 7] 29.8 
PK | Male tS ee 0.0 
M:-S Male 40 W 3533 
N-T Male 28 "1 25.0 
Other Diseases: 
K-S Female 30 | Pyelitis 32.0 
H-N Female 32 | "1 31.2 
fi Female 27 I 27.6 
Kee Male 56 Pulmonary abscess DACS 
A-K | Female 24 Rheumatoid arthritis 26.8 +t 
S-O | Male 30 Endocarditis 27.6 fit 
M-K Male MAL I 28.8 
K-F Mele 49 Myocardial infarction 29.6 +4 
T-N Female 30 Pleurisy ? 34.3 
A-U ie oe eee N . 23.7 | 
G-O Male t 22 ae " 25.2 
s.K Male 19 re | SS ; 
A-F aiuhle | 40 ; | Dermatomyositis a 43.9 5 tt 
I-N ce Male ox 25 | Duodenal ulcer | ihgyslt 
§-K Male | 32 ; iv i 15.0 
U-T Wate |S ” . 163 
K-F | Male 30 | Gastritis 16.3 
R-N Male 55 Brainhemorrhage ; : 15.0 7 
Bea Male 35 Stomach ulcer { : 14.7 : | 
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TaBLe II (continued) 


Other Diseases 


Patient Sex Age Diagnosis Serum c. p. Exar CRP? 
Y-S Female 30 | Gastritis * 14.7 
S-H Male 48 Diabetes mellitus 14.0 
E-S Male 28 Stomach ulcer . 13.5 
M-K Female 45 " Waning pectoris 11.6 
5:O ; Female 38 i Pneumonia 19.6 
N-E Male 25 ac Hepatitis iets ‘ 
ss: Male 32 ae Pipeiga™ py Me 
K-K Female 28 ’ It ‘ ~ 15.9 a 
T-M Male 49 Livercirrhosis - iad = laa 
Moo K Female 50 “ Hypertension } L 1 7A i 
N-T Female 49 : i 7 i 18.0 
ST | Male 53 ier ey aa 
T-K Male 45 ; I 15.8 
H-H Male 59 I fi 16.0 at ; 
K-K Male 53 " ; 14.2 
Y:S : Female 8 \ Wilson’s disease 0 
G-M Female 8 : HW ; 0 — 
K-T Female : 7 | 7 2.0 
Pregnancy 
Patient Sex Age Month : Serum io p. (mg./dl.) GARSPe 
K-F Female 21 4 34.4 : 
I-H " CF, 23 i : " G 18.6 
AS i 28 , i LOZ 3 
S.S - I 25 j i 29.8 
M-S I 24 ; 8) : ; 14.8 Sey ee 
re) " 30 " rilg 273 
. A-Y 1 24 : 6 29.5. \ 
N-A I 28 I jain 24.1 wo 
NM I 32 ti i 26.0 
s-N V a) all 8 (230) To 
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TABLE II (continued) 
Pregnancy : 
Patient Sex Age Month Serum c. p. (apa GRP: 
O-Y lo» Female 29 9 a5 
ioNe I 52 7] esi) 
N-O 1 25 10 27.3 
H-N | " ; 22 I 27.6 te 
R-K " 28 i ed 
S-Y MW 29 I O2eL 
Y-M i 32 7 Piel 
Nw " 24 ” 29.1 
K-Y | I 25 7 Boel ; 
T-F 7 28 I Me) 
Na " 23 1 Bost 
A-K HN 28 MW S225 
; ; Malignant Tumor 
Patient Sex Age Organ Berta eae ; GEREP: 
A:T Male 47 Lung 3353 He 
M-N Male 36 IW 47.2 4h 
S-T Female 45 Uterus 28.5 
N-K y 53 " 30.1 
S-N I 56 I 23.8 
M:S a I 47 i 16.8 
Aga Female 37 Stomach 30.2 
H-K Male ee) I Ma 
S-K / 42 1 23.8 : 
H-S Female 49 I 20.5 : 
G.-Y Male 58 i 16.0 : 
A-l | 1 55 Oesophagus We ? ; ; 
M-O I 66 I 18.3 : . 
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TasLeE III 


Serum Caeruloplasmin Value in Nephritis 


| Serum Caecruloplasmin 


Patient | Sex Age (mg./dl.) Disease ‘ a 

Kon Male 15 V2 Chronic nepliritis 

s. K. Borate. ts me 28ek jo | I a 

TM I | 18 6.7 | Sel 

Tak. 1 | 18 74 t- I 

K. $8 " 24 16.3 : I 

M. S I | oe ’ 5.6 a I 

JX le I | 20 : 65. Yen I 

185 Te Male ; 18 7 6.0 I 

1a IN 1 * 56 26.3 I 

Io Ife Hi 19 15.7 ; Nt 

S. N. Female 42 ; 18.0 I 

Sb, 16 " 28 18.6 I 

H. M. Male 19 22.0) I 

K. M. Female 28 os NW 

Sy el "7 Ze, 26.3 ” (Pregnancy VII M.) 

M.S " 18 13.8 Nephrotic syndrome 

eee 1 22 11.6 | 1 

M. S. Female 45 7M : I 

TN: Male 29 17.9 | Acute nephritis 

Sip Ue I 14 ; 17.8 | | I 

K. K i 16 20.0 . ‘ I 

De ME MW 16 : 22.4 : . I ~y = 

Neos I 18 20.2 i 4 nN : 

OxS. Female 20 29.1. ia " : 
value was generally high when C-reactive anemia. 


protein was positive. 


In nephritic patients, caeruloplasmin 
value was high when the disease was accom- 
panied by anemia or infections such as 
tonsillitis and pharyngitis, while the value was 
extremely in low tendency in chronic neph- 


ritis not accompanied with infection or 


Hematopoietic factor is thought to be 
formed chiefly in liver, but kidney is now 
being regarded as directly responsible for the 
production of hematopoietic factor (17, 18). 
Naets (J9) reported that nephrectomy in a 
dog decreased the activity of hematopoietic 
factor in plasma, from 15.2 per cent to 5.6 per 
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cent during 24 hours but such findings were 
not observed on ligation of urethra. From 
these experiments, he concluded that the kid- 
ney either produced hematopoietic factor 
directly or retained a substance which libe- 
rated this factor at optional time into. the 
blood when required. 

In nephritic diseases, especially in chronic 
nephritis, caeruloplasmin was low, around 6 
mg./dl., and hematopoietic factor is expected 
to decrease during kidney trouble. This 
agrees with the foregoing experimental result. 
However, in two cases of nephritic anemia 
with a high nitrogen in the blood of 71 mg./dl. 
and hypoplastic pictures of the bone marrow, 
caeruloplasmin value was high. This may be 
interpreted as the increase of hematopoietic 
factor accompanying nephritic anemia. 

In the plasma, free copper is bound 
lightly with albumin and the amount is 
about 5 per cent of serum copper. ‘The re- 
maining 95 per cent is said to be copper in 
caeruloplasmin. In the present series of 
experiments, this ratio was not necessarily 
constant. In the case of anemia, free copper 
was present in larger amount than caerulo- 
plasmin copper, and the ratio was not the 
same as in normal persons. This fact suggests 
that there might be an interference in the 
synthetic process of caeruloplasmin from 
copper. 

The present authors demonstrated earlier 
that caeruloplasmin possessed the action of 
lowering serum copper level by repeated 
intramuscular injection of 2-4 mg. of reduced 
caeruloplasmin in the cases of anemia with 
high levels of serum copper and showed that 
the number of erythrocytes and reticulocytes 
increased with lowering of serum copper 
level. It was considered that the administer- 
ed caeruloplasmin acted as a catalyst, result- 
ing in a incorporation of copper into caerulo- 
plasmin, and this caused an increase in serum 
caeruloplasmin value and lowering of serum 
copper level, the ratio of the two values 
becoming normal, and thus anemia tended to 
become better. 

For example, in the case of No. 1 of 
Table IV of hypoplastic anemia, the values 


during anemia were 172yg./dl. of serum 
copper and 36 yg./dl. of caeruloplasmin cop- 
per, the rate of caeruloplasmin copper to 
total serum copper being 20 per cent. 

With improvement of anemia, serum cop- 
per became 77 yg./dl. and caeruloplasmin 
copper to total serum copper being 82 per cent. 

In the case of No. 3 of normochromic 
anemia accompaning pulmonary tuberculosis, 
the values during anemia were 160 yg./dl. of 
serum copper, the rate of caeruloplasmin 
copper to total serum copper being 33 per 
cent. With improvement in anemia, the values 
became 125 vg./dl. of serum copper and 91yg./ 
dl. of caeruloplasmin copper, which was 73 
per cent of total serum copper. 

These data suggest that administration of 
caeruloplasmin stimulates the incorporation of 
free copper into caeruloplasmin. 


SUMMARY 


Serum caeruloplasmin value was deter- 
mined by use of a calibration curve prepared 
with crystalline caeruloplasmin in healthy 
persons as well as in various diseases. Results 
obtained were as follows: 

1. The serum caeruloplasmin level in 
normal healthy persons was 12.6-15.9 mg./dl. 

2. Serum caeruloplasmin level showed a 
high value in infections, pregnancy, anemia, 
and malignant tumor, and a low value in 
Wilson’s disease and chronic nephritis. 

3. Caeruloplasmin value was high in 
general when C-reactive protein was positive. 

4. In anemia, caeruloplasmin copper is 
lower than serum copper value but the latter 
was lowered by administration of caerulo- 
plasmin, the ratio of caeruloplasmin copper 
to total serum copper becoming normal, and 
there was improvement in anemia. 


The authors wish to express their deep gratitude to 
Prof. K. Kodama for his kind guidance through- 
out this work. 
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Many investigations have been made so 
far to discover any specific compounds which 
are present only in tumor cells but not in 
normal cells. Among the compounds some 
attention has been paid to the protein con- 
stituents in the tumor cells. In this type of 
investigation the immunological technique is 
one of the particularly helpful expedients 
because of its sensitivity for proving the 
specificity of the proteins in question although 
immunochemical study has not always been 
done successfully. Two main factors might 
be responsible for the failures, 7.¢., tissue 
antigens are generally poor inducers of anti- 
body, and the number of tissue antigens is 
so large as to defy analysis techniques with 
classic immunochemical methods. 

The development of new immunological 
methods has led us to revaluate the possibi- 
lity of obtaining meaningful data in a field 
that has long been plagued by technical 
difficulties. Among these new methods are 
the immunization procedure developed by 
Freund (J) and refined precipitin reaction 
techniques, 7.¢., the agar gel-diffusion method 
developed by Ouchterlony (2) and the 
immunoelectrophoresis contrived by Grabar 
(3). 

Certain reports dealing with discovery of 
specific antigens in tumor cells have appeared. 
For example, K orngold (4) has shown the 
presence of specific antigens in several human 
tumors grown in rats or hamsters with aid 
of Ouchterlony technique. Koroste- 
leva (5) has also demonstrated a specific 


* The following abbreviations are used: trichloro- 
acetic acid, TCA; ribonucleic acid, RNA; desoxyri- 
bonucleic acid, DNA; and optical density, O. D. 


antigen in a mous hepatoma by the precipitin 
method using extracted soluble proteins. 

In the present study the authors report 
some chemical and immunochemical investi- 
gations of the proteins from rat ascites 
hepatoma cells (AH 49) and from livers. 
The advantage of using the ascites hepatoma 
cells for biochemical investigation is that: 
1) the cells may be thoroughly washed free 
from other constituents of the rat, 2) the 
cells originate from a liver tumor induced 
by feeding rats with dimethyl-aminoazo 
benzene, hence the liver can be taken as a 
normal tissue for comparison with the tumor. 
In our experiments the soluble proteins were 
extracted at two different pH (4.8 and 7.0) 
and analyzed for their nucleic acid contents, 
electrophoretic and ultracentrifugal proper- 
ties, and immunological specificity. Some 
specific proteins were demonstrated to be 
found in the tumor cells but neither in the 
liver nor in the blood serum of the rat. 


EXPERIMENTALS 


Materials—Rat ascites hepatoma, AH49, Sasaki 
Institute, Tokyo was used in this experiment. The 
ascites cells were repeatedly washed with a large 
volume of ‘saline by slow centrifugation (about 30- 
50X g) and completely freed from contaminating red 
cells and others. Microscopic examination indicated 
complete purity of the cancer cells. Approximately 
2—5 ml. of the cancer cells usually could be collected 
by the final centrifugation at 3,000r.p.m. for ten 
minutes from ascitic fluid of a rat weighing 100-150g. 

As a comparison the livers of the normal rats 
were used. ‘The livers were perfused extensively and 
treated in the same way as the packed cancer cells 
obtained by the above final centrifugation. 

Methods—Nitrogen content of the preparation was 
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determined by the micro-Kjeldahl method. In the 
present paper the protein nitrogen is defined as 
nitrogen of the materials precipitated by 10% trichloro- 
acetic acid (TCA). The Biuret reaction was also 
sometimes used for protein determination. 

Ribonucleic acid (RNA) and desoxyribonucleic 
acid (DNA) contents were determined by Bial’s 
orcinol reaction (6) and Dische’s diphenylamine 
method (7), respectively. 

Electrophoretic and ultracentrifugal analysis were 
made by using the instruments of Hitachi Ltd. Co., 
Japan, Model HT-B and Model UCA-1 respectively. 

Immunochemical analysis was carried out by the 
precipitin reaction with rabbit 


technique 


antisera using the 
immunoelectrophoresis developed by 
Grabar (3) and the agar diffusion method designed 


by Ouchterlonya2) 


RESULTS 
I. Chemical and Physicochemical Analyses 


Extraction of the Proteins from Cancer Cells and 
Livers—One vol. of the tissue (cancer cells 
packed by centrifugation at 3,000 r.p.m. for 10 
minutes, or extensively perfused livers) was 
homogenized with 3 vol. distilled water with 
Potter-Elvehjem homogenizer and_ then 
forzen and thawed three times. The pH of 
the homogenates was adjusted to 4.8 by 
addition of a small amount of N HCl fol- 
lowed by addition of | vol. of 0.5 acetate 
buffer of pH 4.8. The concentration of salts 
added (acetate or phosphate) was always 
maintained at a constant level, z.¢, 0.114, 
and the temperature for extraction was kept 
at 1—2°C throughout the experiment. The 
homogenate thus obtained (H,) was then 
centrifuged at 7,000 r.p.m. for 20 minutes 
and a slightly yellow (cancer cells) or yellow 
brownish (liver) but completely clear superna- 
tant was obtained. The precipitate was 
washed with I vol. of 0.1 M acetate buffer 
and the wash fluids were combined with the 
supernatant giving S,(L, for liver) solution. 
S,(L,) was saturated with ammonium sulfate 
and the precipitate formed was dissolved in 
about 1/3 vol. of water and dialyzed against 
vigorously stirred distilled water for several 
hours and then against a large volume of 
saline overnight. After completion of the 
dialysis the solution was centrifuged to 


remove a small amount of insoluble material 
formed during the dialysis. The protein 
concentration of the final product named S, 
(L;) was usually about 1—2 per cent. 

After removal of S,(,;) from the 
homogenate the remaining cell debris (P,) 
were suspended in | vol. of water and the 
pH of the suspension was adjusted to 7.0 by 
the aid of a small amount of N NaOH fol- 
lowed by the addition of 3 vol. 0.17 M phos- 
phate buffer of pH 7.0. The suspension (H,) 
thus obtained was again frozen and thawed 
three times followed by centrifugation at 
15,000 r.p.m. for 30 minutes. A slightly turbid 
and yellowish supernatant was decanted and 
the precipitate was washed with | vol. of the 
phosphate buffer. The wash solution was 
combined with the supernatant giving S.(L:2) 


ScHEME I 
Fractionation of ascites cell or liver proteins 
A 


Tissue (1 vol.) 
<3 vol. H,O 


<-homogenize, freezing and thawing 
<—adjust pH 4.8 with 1 NV HCl 
<1 vol. 0.5M acetate buffer (pH 4.8) 


| 


| | 
Re S 
<—wash with 1 vol. 
0.1 M acetate buffer 
(pH. 4.8) 
A, 
= ee 
| 
ie ss, (hy) 
P| <(NH,)2 SO, 
saturation 
| a 
D5 IP 


dissolve with H,O 
«-dialyze against tap 
for about 24 hrs. 


1) See the next page. 


solution. The pH of S, was adjusted 48 
with the aid of N HCl and 1 vol. of 
0.1 M acetate buffer. A large amount of 
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B 
Pe | 
suspend in 1 vol. H,O 
| <adjust pH 7.0 with N NaOH 
<3 vol. 0.17 M phosphate buffer (pH 7.0) 
| freezing and thawing 
Ay 
sei ore] 
| | 
P, : 
| <—1 vol. 0.1M | 
phosphate buffer | 
(pH 7.0) | 
Ar Sees eae all 
Ps S S2 (Ls) 
| —t/, vol. H,O | adjust pH 4.8 with N HCl 
—1/, vol. 2M NaCl |<lvol. 0.5 M acetate buffer (pH 4.8) 
re. a" are 
DP, DS, S P 
| <—6 vol. H,O | <-wash with 1 vol. 0.1 M 
fa | acetate buffer (pH 4.8) 
Do DP,, Doe | 
| Sy S iP 
_ small <suspend in !/2 vol. H,O 
amount <—adjust pH 7.0 with N NaOH 
1M NaCl | —Il vol. 0.2 M phosphate buffer 
(seth aoe 7 | | (pH 7.0) 
DP» DSi. b | 
|S. [ Le) 
white precipitate was formed and the TCA precipitable nitrogen and 12.2% non- 


supernatant was practically protein free. 
The precipitate was washed with | vol. of 
0.1 M acetate buffer of pH 4.8 and then 
redissolved in pH 7.0 phosphate buffer with 
the aid of addition of NV NaOH. 

A final extract named S,(L.) which 
looked slightly turbid and yellow was thus 
obtained. The protein concentration of 
Se(Ls) was usually 1.5-25 per cent. The 
scheme of the extraction above described is 
shown in Scheme I-A and B. 

Contents of the Fractions in Ascites Cells and 
Livers—A portion of each fraction shown in 
Scheme I was taken out and the total and 
non-protein nitrogen were determined. The 
results shown in Table I represent the content 
of protein nitrogen (10% TCA precipitable 
nitrogen) in each fraction as per cent of 
total nitrogen of the cells or tissue. Total 
nitrogen of ascites cells consists of 87.8% 


protein nitrogen, and that of the livers 
consits of 85.3% protein nitrogen and 14.7% 
non-protein nitrogen. 

The percentage of the total proteins ex- 
tractable at pH 4.8 is obviously higher in livers 
(Li, 17.7%) than in the ascites cells (S;, 12.5%), 
on the other hand the portion of total protein 
extracted at pH 7.0 higher in ascites cells 
(Se, 19.4%) than in livers (Lz, 13.9%). These 
results indicate that the cancer cells contain 
much more nucleoproteins than do liver cells 
as shown later. 

The yield of the final fractions (S,, Ls, 
Se, Ls) was quite variable but approximately 
50-70%. of the theoretical value calculated 
from the amount of S,(L,) or S,(L,). 

Optical Properties of the Fractions—As 
shown in Table I] the O.D. values of S; 
solution of Img. N/ml. concentration are 
higher than those of L;, however the ratio 
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of Exe. to Exzg are about the same. O.D.s 
of Ss or Le are several times higher than 
ihosewon 5,.vorlse ) The O? Dis: of ‘Le ‘are 
distinctly higher than those of S, although 
the ratios of Ey5) to Ex;3 again are about the 
same. 
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As shown in Fig. 1 the absorption 
spectrum of §S, coincides well with that of 
human serum albumin but that of S, indi- 
cates a good agreement with the spectrum 
of DNA or RNA isolated from yeast. The 
spectra of liver fractions indicated essentially 


TasLe I 
Content of Fractions in Ascites Cell and Liver 


| Fraction 


S Number of | 
ample jl = = = 

as H, Hi; $41) So(L) 
Ascites cells 5-7 _ 87.8 (83-93) | 67.3 (62.5-76) | 12.5 (9.1-15.6) | 19.4 (13.6-26.5) 
Livers 3 | 85.3 (82-91) 64.3 (56-72) 17.7 (16-19.8) 13.9 (10.1-17.3) 


The figures give the average content of protein in each fraction as per cent of total 
nitrogen of the tissues. The figures in the parenthesis show the range of the values. 


ABT Eee 
Optical Property of S.(L;) and S,(L,) Fractions in Ascites Cell and Liver 
Sample _ Number = SEs) 2 sia! 
| of sample Ea 4 ae (ee ies Fan E,, | Eee 
poetics 5 | 4.65 | 6.62 0.70 40.4 272 | 1.49 
sh aeons | (4.0-5.3) | (6.2-7.7) | (0.64-0.77) | (35.2-46.0) | (23.5-32.0) | (1.42-1.55) 
- 3/400 | 5.55 0.72 | 59.5 37.0 1.59 
ahr ig | (3.7-4.7) | (4.6-6.6) | (0.68-0.79) | (48.5-69.0) | (32.0-40.0) | (1.51-1.70) 


Conc. of solution: 10.0 mm. Figures in parenthesis show the 


range of the values. 


lmg. N/ml.; optical path: 


TasiLe III 
Nucleic Acid Contents of Fractions in Ascites Cell and Lier 

Sample and | 
cs Uae (agen ener all MSP H, S(Ls) Ss(Ls) | Sy(L) 
nucleic acid P | Ze : 7 
Ascites Cell | 5-6 0.86 0.94 1.32 hae 122 
RNA | (0.71-1.05) |  (0.69-1.15) | (0.97-2.13) (0.71-1.83) 
Ascites Cell OBE 0.87 0.66 lp arene 0.83 
DNA i | (0.60-0.92) | (0.65-1.00) | (0.39-1.23) | (0.57-1.03) 

ee see! | 0.63 0.70 11.36 | 1.47 
Liver RNA 3 | (0.43-0.89) | (0.50-1.05) | (0.98-2.05) Va |, (1.1421,80) 

, 0.32 | 0.30 | 0.47 112 
EN elle Ge. cca | sxlOI2720.42) 10-23-0.42), |v. 0(0,4620.47) HAS’ | 9. (0.83190) 


Unit: mg. nucleic acid/mg. protein nitrogen. 
Figures in parenthesis show the range of the values. 
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the same results as those of the correspond- 
ing fractions of ascites cells. These spectra 
indicate that the S,(L;) fractions seem to be 
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Fic. 1. Absorption spectra of ascites cell 

proteins. 


of a pure protein nature while the S,(Le.) 
franctions are of nucleoprotein nature. The 
analytical data given in the next section will 
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In the Table it is observed that the nucleic 
acid contents of ascites cell homogenates are 
higher than in liver homogenates. This will 
be explained in that the nuclues of the ascites 
cells occupies a much larger space in the 
cell than does the nucleus in the liver cells. 

Electrophoretic Analyses—Fig. 2-A shows 
ascending patterns of some cases of S, or L; 
analyzed by ‘Tiselius apparatus in pH 8.0 
phosphate buffer. Although the mobility of 
the fastest peak is slightly larger than that 
of serum albumin, almost all pearks are 
approximately in the range of the mobilities 
of serum proteins. Each of the samples 
showed a quite reproducible pattern having 
about nine peaks. S; contains much more 
of the components of slower mobility than 
are found in L,; but it is hard to recognize 
an essential difference between S; and L;. 

Fig. 2-B shows the patterns of nucleopro- 
ene ty Byavel Ibm, In those patterns we 
observe six or seven recognizable peaks and 
relatively higher amounts of the components 
of middle mobility. No essential difference 
is observed between S, and Le. 

Ammonium Sulfate Fractionation of S; and 
Ss—The samples were fractionated by succes- 
sive addition of ammonium sulfate. The 
precipitates obtained successively at 25, 37 
and 50% concentration of the salts for S,, 
12.2, 35.7 and 50% for S, were dialyzed 


oe No. | No. 2 
No.3 oe 
As. <—————_ As. <——_—_—_—_ 


Ascites cell protein (Ss) 


Liver protein (Lg5) 
(Tiselius , Phosphate buffer pH 8.0) 


Frc. 2-A. Electrophoretic patterns of S; and L;. 


present ample evidence for this assumption. 
Nucleic Acid Contents of the Fractions— 

Table III represents mg. of RNA and DNA 

per mg. of protein nitrogen of the samples. 


against water and the buffer for electro- 
phoresis. These concentrations of the salt 
were chosen by analyzing the salting out 
curves of the samples. 
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No. | 


No. 3 


As. +. 


Ascites cell nucleoprotein ( Se) 


No.2 


As. 


Liver nucleoprotein (L6 ) 
(Tiselius , Phosphate buffer pH 8.0) 


Fic. 2-B. Electrophoretic patterns of nucleoproteins S, and Lg. 


Conc. of (NH4)2S04 


awe ene aeticn 


Fraction between 
0) to: 25=% 


Fraction between 
25\ 10 37 % 


ee Fraction between 
Suto: SOx 


Fic. 2-C. Electropheretic patterns of ascites 
cell proteins (S,) fractionated with (NH,).SO,. 


Conc. of ( NH4)2eS04 


Sg Solution 


ee Fraction between 
Ohne are 4.5 


Fraction between 
12.2 to 35.7% 


Fraction between 
35.7 to 50.0% 


Fic. 2-D. Electrophoretic patterns of ascites cell 
nucleoproteins (S,) fractionated with (NH,).SO,. 


As shown in Fig. 2-C each fraction still 
has many peaks but fractions obtained at 
higher concentrations of the salt contain a 
larger amount of components of slower 
mobility. In other words, higher concentra- 
tion of the salt is required to precipitate of 
slow components. Fractionation of S, by 
ammonium sulfate was not _ satisfactory 
because it formed a lot of insoluble materials 
after the dialysis. The nucleoproteins seem 
readily to be denatured by the addition of 
the salt at high concentration. Fig. 2-D 
indicates the electrophoretic patterns of each 
successive fraction after the removal of 
insoluble materials. ‘The fraction obtained 
by 50 per cent of the salt shows a relatively 


TABLE IV 


Sedimentation Constent (Soo) of Proteins of Ascites 
Cells, Liver and Serum 


—— Se 


; | : Principal Faster 
component _ component 
Serum 4.0 1d 
Wiver Ue Ba) = 
Liver L, Boo — 
Ascites S, 4.5 6.1 
Ascites S¢ 4.5 10.8 


large peak of middle mobility. The solubility 
of this fraction appears to be quite similar 
to that of serum albumin. 

Ultracentrifugal Analysis—The proteins and 
their subfractions obtained by salting out 
with ammonium sulfate were subjected to 
ultracentrifugal analysis. Unexpectedly, gene- 
rally all of these samples showed a main 
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component of sedimentation constant around 
4 which is close to that of serum albumin. 
S, and S, showed a slight amount of more 
rapidly sedimentating components which 
were roughly close to serum globulin but L, 
and Ls showed almost none of such rapid 
components. 

Sedimentation constants of the samples 
are summerized in Table IV. 


II. Immunochemical Analyses 


Immunization of Rabbits—The antigenecity 
of the proteins extracted was very weak in 


i 


BO} 
(4) 


Fic. 3-A. Agar diflusion precipitin reaction. 
Center Cup: Anti-S; serum 
1: Saline 4: Serum 


De Tey ag Ibe 


Fic. 3-C. Agar diffusion precipitin reaction. 
Center Cup: Absorbed anti-S, serum 


i Saline 4: Serum 
TB IS: D8 Mp 
Oreelae Oy Ge 
general. Solutions of S; or S, were extensi- 


vely given intravenously to either rabbits or 
chickens but the precipitin titer obtained 
was very low. However, with Freund’s 


adjuvant, S, gave an antisera of a quite high 
titer which could be available for immuno- 
logical analysis of the proteins extracted. 
Immunization was carried out as follows: 

S, or Ss was suspended in Freund's 
adjuvant at a protein concentration of 8 m.g/ 
ml., and 2ml. of each suspension were given 
to each rabbit subcutaneously. After four 
weeks from the first injection the precipitin 
titer measured was 4 times dilution again- 
st S, and only two times against Sg. 
In the fifth week 10mg. of the S; or S¢ in 


o 
Fic. 3-B. 


and rat serum with anti-S,; serum. 


Immunolectrophoresis of 5S;, L 


Upper Cup: Rat serum 
Middle Cup: S, 
Lower Cup: L, 


Fic. 3-D Ol Se. 
and rat serum with absorbed anti-S, Serum. 

Upper Cup: Rat serum 

Middle Cup: S, 

Lower Cup: L 


Immunoelectrophoresis ey 


5) 


buffer solution were given intravenously and 
in the eighth week another 15mg. of the 
antigen with Freund’s adjuvant were 
injected subcutaneously. At the end of the 
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third month the rabbits were sacrificed. By 
that time the antibody titer was 32-64 times 
dilution against S; and 8-16 times dilution 
against Sz. Antiserum from each rabbit was 
pooled and desensitized by heating at 56°C 
for 30min. Only the antisera against S; 


were strong enough for the following experi- 
ments. 


ea x 
03 oe oe oe. 
WZ Serum 


OPTICAL DENSITY OF PRECIPITATE 
(Phenol reagent color reaction ) 


200 400 600 600 1000 
ANTIGEN ADDED (Ls or serum) 
NITROGEN (yg. ) 
Fic. 4. Quantitative precipitin curves of 


anti-S, sera with L, and rat serum 
Arrows indicate the maximum precipitates. 


By Ouchterlony agar diffusion tech- 
nique it was shown that anti-S; sera formed 
about four obvious precipitin lines with the 
corresponding antigen. ‘The antisera reacted 
not only with S; but with L, giving three 
strong lines and with rat serum giving one 
or two obvious lines. It reacted also with 
S, and L, though the reaction was faint. 
See Fig. 3-A. 

By immunoelectrophoresis as shown in 
Fig. 3-B (with a photograph) the anti-S, sera 
gave at least sixteen lines with S,, about 
eleven lines with L; and about eight lines 
with rat serum. Among the lines with S; in 
the figure can be recognized an especially 
strong and short line with a steep curvature 
precisely located at the position correspond- 
ing to the a-globulin of serum. This line is 
never seen either among the lines with serum 
or with L;. 

In order to remove the antibodies against 
L; and the rat serum the antisera were 
absorbed with those antigens. For an appro- 


689 


priate absorption the optimal amount of the 
antigens to be added was determined from a 
quantitative precipitin reaction curve establi- 
shed by Heidelberger(&). The curves are 
shown in Fig. 4, from which it was learned 
that the addition of 240 yg. and 640 yg. of L; 
or srum respectively to each 2.0ml. portion 
of the antisera formed a maximum precipi- 
tate. With those amounts of the antigens 
the antisera were absorbed. 

As shown in Fig. 3-C and D this treated 
antiserum reacted only with S; but not at 
all with L; or serum. It formed one or may 
be two very specific precipitin lines with S, 
antigen. As compared with Fig. 3-B all 
lines disappeared except that specific line 
which was previously mentioned as a strong, 
short line with a steep curvature located at 
a-globulin position. 

Electrophoretic Isolation of the Specific Antigen 
—The starch blook electrophoresis technique 
was successfully used for the isolation ; 2.5 ml. 
portion of concentrated S, (about 7% protein) 
was applied to a starch block in 0.05 4 
veronal buffer of pH 8.6. The size of the 
starch block was 5cm.x2cm.X30cm. and a 


T ———7. + - —, 


Ss Solution Serum 
Se (OOF ms, 4 
E ‘ 
2 ! 
N ' 
5 
> 
& H 
wo 
z O5OF H 
Ww ‘ 
i=) H 
i) / H 
2 \ 
rs) 
a Ne 
Precipitin 
° recipi 
a), ° 678 10 20 
Kathode TUBE NUMBER Anode 
Fic. 5. Electrophoresis of 5; and serum in 


starch block (Highest O. D. is accounted as 


1.00) 


current of 2.5mA per cm. was given under 
a voltage gradient 7.0 volt cm~ for fifteen 
hours. 

After the finish of electrophoresis the 
block was cut into 1cm. pieces and each was 
extracted with 5.0ml. portion of saline. The 
precipitin reaction was determined with the 
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adsorbed antiserum by the usual technique 
using small test tubes. The amount of ex- 
tracted protein in each test tube was deter- 
mined by the O.D. measurement at 278 my. 
One of electrophoresis patterns of S; and a 
rat serum is shown in Fig. 5, where the solid 
line shows a pattern of S,; and dotted line 
is a pattern of rat serum. ‘The precipitin 
reaction was demonstrated only in test tubes 
No. 6 to 8, the location of which was exactly 
same as that of a, globulin of the serum. 
This strict location of the specific antigen 
indicates a good agreement with the specific 
precipitin line which was demonstrated in 
an immunoelectrophoresis pattern in Fig. 
3-B. 


DISCUSSION 


As seen in Table III it may be pointed 
out that the content of nucleic acid per mg. 
of protein nitrogen of tumor cells is higher 
than that of liver cells. This difference is 
more clear in DNA content. As described 
previously this may be explained by that the 
ascites cells have larger nuclei than do the 
liver cells. Laird and Miller () pointed 
out that the DNA content per mg. of protein 
nitrogen in the nucleus of the cells of hepatoma 
induced by 2-acetylaminofluorene is about 
twice higher than that of liver cell nucleus 
while the RNA content is about the same. 
They also indicated that the RNA content 
of the mitochondrial fraction is about four 
times higher in the hepatoma cells than in 
liver cells. On the other hand Schneider 
et al. (10) did not observe the significant 
change of the nucleic acid content of rat 
liver cells during feeding rats with 2-methyl- 
or 3'-methyl-4-dimethylaminobenzene. 

The nucleic acid contents in tumor cells 
may vary tumor to tumor or depending on 
the stage of the induction of the tumor by 
the azo dyes. 

The nucleoprotein fractions (see Table 
III) obtained from the livers or ascites cells 
revealed no significant difference in the con- 
tents of nucleic acids although the number 
of cases investigated is not large enough. 
However the optical density of Le. is much 


higher than that of S, (Table II). This may 
suggest the difference in nucleic acid com- 
position between both of the fractions. 

Either S, or Lg showed a high content 
of DNA. This may indicate that the fractions 
came, if not all, mainly from nucleus of the 
cells. 

S; or L, fractions. never gave a typical 
green color of pentose but developed a purple 
color when the Bial’s orcinol reaction was 
applied. It seemed to be a typical color of 
sialic acid although we did not measure the 
acid quantitatively. This means that those 
fractions contain glycoproteins in some extent. 

The ultracentrifugal patterns of the frac- 
tions were surprisingly simple indicating a 
main peak which migrates as fast as the 
serum albumin does, although each fraction 
showed a very small amount of more rapidly 
sedimentating fractions. Peterman eé al. 
(11, 12) studied the nucleoprotein fractions 
isolated from rat livers and hepatomas and 
demonstrated about five sharp peaks of high 
sedimentation constants. The discrepancy 
between their results and ours is hard to 
explain but one of the reasons could be at- 
tributed to proteolytic or nucleic acid de- 
polymerizing action in our sample which had 
been kept in the refrigerator at 3°C for several 
days. However the sedimentation constants 
of most parts of our fraction are around 4. 
If the failure to find some components of 
high sedimentation rates is attributed to de- 
polymerization we have to assume the sedi- 
mentation rates of the depolymerized products 


are always around 4. It might not be 
reasonable to assume such uniform split 
products. 

The presence or absence of specific 


antigens in tumor cells has been demonstrated 
by many ways so far, ¢g., complement fixa- 
tion (13, 14), radioisotope-labelled antibody 
techniques (/5, 16), fluorescent antibody tech- 
nique (/7) and so on. However the precipitin 
technique is one of the most useful methods 
which is more precise and quantitative if an 
antiserum of high enough titre can be ob- 
tained. Korngold (4) and Korosteleva 
(5) have shown the presence of specific antigen 
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by the agar diffusion method as previously 
mentioned. As shown in Fig. 3-A and B 
anti-S; sera reacted strongly with rat liver 
protein (L;) and rat serum. This fact suggests 
that the ascites cells contain several common 
antigens to the liver and serum proteins. 
Since the ascites cells were very carefully 
washed about ten times with a large volume 
of saline only insignificant amount of serum 
proteins may retain unless the serum proteins 
bind firmly at the surface of the ascites cells. 
It may be most reasonable to assume that 
the plasma proteins are present inside of the 
ascites cells. 

In Fig. 3-A we can observe that some of 
the precipitin lines of L; are confluent with 
the lines of serum, and some other lines are 
confluent with the lines of S; fraction. This 
fact may indicate that the liver cells also 
contain some common antigen to the rat 
serum. Nevertheless, L; fraction might pos- 
sibly be contaminated with plasma proteins 
in some extent even though the livers were 
extensibely perfused. Therefore it would not 
surely be concluded by this experiment that 
the plasma proteins may exist in the liver 
cells. 

In Fig. 3-A few lines are observed at the 
S; cup and one of them which is closest to 
the S; cup is never seen at other cups. This 
line seems to correspond to a unique line in 
the immunoelectrophoretic patterns (Fig. 3-B) 
as previously mentioned. This line also cor- 
responds to a characteristic line(s) demon- 
strated with the absorbed antisera as seen in 
Fig. 3-C, D. 

The immunoelectrophoresis and the agar 
diffusion techniques are very fine and sensitive 
methods. However there still remain some 
uncertainty. Because of this uncertainty it 
may not be concluded definitely that there 
exists a specific protein in the ascites hepatoma 
cells but the very clear cut pattern shown in 
Fig. 3-C, D may strongly suggest its existence. 

The nucleoprotein fractions S,, Ls induced 
only very weak antisera in the rabbit so that 
the immunochemical analysis of those fractions 
has not yet been made. Those fractions 
showed a weak but obvious cross reaction 


with anti-S,; sera as seen in Fig. 3-A, but S, 
(Le) is unavoidably mixed with S,; (Ls) 
vice versa, therefore the interpretation of the 
cross reaction would not be very meaningful. 
With the absorbed anti-S, sera the nucleo- 
protein fractions :(S,, L,) did not show any 
precipitin lines. 

The isolation of a specific protein by 
starch block electrophoresis has been done 
successfully but the available quantity of the 
protein isolated was very small. 

An attempt has been made to purify this 
protein by ammonium sulfate and rivanol 
precipitation. It was known that the protein 
was precipitated by half saturation of am- 
monium sulfate but not by one third satura- 
tion. The rivanol precipitation method was 
not successful. Further purification of this 
protein is under. investigation. 


SUMMARY 


Proteins were extracted from rat trans- 
planted hepatoma cells (AH 49 Sasaki Institute, 
Tokyo) and from rat livers and some chemical 
and immunochemical comparison was made 
between the proteins from both sources. Ex- 
traction was performed with 0.1 M acetate 
buffer of pH 4.8 followed by successive ex- 
tractian with 0.1 4 phosphate buffer of pH 
7.0. The results are summarized as below: 

1. The amount of protein nitrogen ex- 
tracted at pH 4.8 from the ascites cells (S, 
fraction) was 12.5 per cent of total nitrogen 
of the tissue and that from liver (L; fraction) 
was 17.7 per cent. 

2. The amount of protein nitrogen ex- 
tracted successively at pH 7.0 was 19.4 per 
cent of the total nitrogen of the ascites cells 
(S,-fraction) and 13.9 per cent of the liver 
cells (L, fraction). 

3. The nature of the absorption spectra 
of S,(L;) was essentially the same as that of 
serum albumin while that of S,(L.) was the 
same as that of nucleic acids purified from 
yeast. 

4. Optical density at 260 and 278 my of 
the fractions of Ilmg.N/ml. concentration 
was measured. The density of Ls was 
significantly higher than that of Ss. 
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5. Electrophoretic analysis of each frac- 
tion revealed 8 to 10 peaks. The patterns 
obtained were fairly reproducible. 

6. Ultracentrifugal analysis indicates that 
each fraction consists of a main component 
of about 4S and lesser amounts of com- 
ponents of 6-10 S. 

7. The rabbits were immunized with the 
fractions by the aid of Freund’s adjuvant. 
Although the antigenicity of the fractions was 
weak, S; gave antisera of fairly high titer. 

8. Anti-S; precipitin sera thus obtained 
reacted markedly not only with S, but also 
with L; and rat serum in Ouchterlony’s 
agar gel diffusion. S, and L, fractions also 
revealed cross reactions with the anti-S,; sera 
although the reaction was faint. 

9. Immunoelectrophoretic analysis using 
anti-S,; sera indicated at least sixteen pre- 
cipitin lines with S;, about eleven lines with 
L; and seven lines with rat serum. 

10. Immunoelectrophoretic and agar dif- 
fusion patterns of S; demonstrated a charac- 
teristic precipitin line(s) which was found in 
the patterns neither of L, nor of rat serum. 

1]. The antisera against S, were absorbed 
with the appropriate amount of L, and rat 
serum. The treated sera reacted only with 
Ss giving a clear precipitin line but not at all 
with L; and rat serum. 

12. This specific protein was_ isolated 
successfully by means of starch block electro- 
phoresis. The protein located strictly at the 
position of a,-globulin. 
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The nutritional survey of school children 
in Japanese mountain villages showed that a 
band-shaped pigmentation at the gingiva was 
observed in about 50 per cent of the children 
examined. This peculiar pigmentation has 
no signs of inflammation and shows diffuse 
light brown to dark brown color with no 
elevation of gingival mucosa and this condition 
was termed “juvenile gingival pigmentation,” 
which can be differentiated from gingivitis. 

The present paper reports the results of 
biochemical studies on the etiology of the 
gingival pigmentation and shows that the 
condition results from the deficiency of vita- 
min C. At the same time, the effect of vita- 
min C on tyrosinase, which plays an important 
role in melanin formation, was examined. 
Re-examination of vitamin C requirement of 
Japanese population is also involved. 


EXPERIMENTALS AND RESULTS 


Occurence of the Gingival Pigmentation—The 
gingival pigmentation is band-shaped and is 
of light brown to dark brown color, as illust- 
rated in Photo 1. The gingival pigmentation 
is mostly observed at both gums or mandi- 
bular gingiva and the cases in which the 
pigmentation was found only at maxillary 
gingiva are quite few (Table I). The per- 
centage of the incidence of the gingival pig- 
mentation is highest in infants of about 6 
years of age and the incidence decreases 
gradually in higher age group (Fig. 1). As 
for the social distribution of the juvenile 
gingival pigmentation, the incidence is highest 
in large cities, and follows in the order of 
fishing, mountainous, and farm villages (Table 


II). 


TABLE [ 


Location of Juvenile Gingival Pigmentation 


Male Female 
Location No. of % No. of | % 
patients | ‘patients 

Maxillary gingiva 70 4.5 61 3.8 
Mandibular gingiva GOS |! ray 3) Cy aloe 
Both gingivae 904 | 57.7 887.| 9459 
Sum 1,567 | 100.0; 1,625 | 100.0 
ponies eae p10] 

= a 


INCIDENCE (%) 


Ameo e Ce ioe OmlOmmt, (i213! 4 Weer ate 18, 


AGE (years) 
Fic. 1. Incidence of juvenile gingival pig- 


mentation in relation to age. 


Relationship between the Gingival Pigmentation 
and Vitamin C—According to Ralli and 
Sherry’s method (J), 100mg. of vitamin C 
was injected intravenously, urine excreted 
during the following 3 hours was collected, 
and vitamin C in the urine was determined 
by the method of Nagayama (2). This 
vitamin C saturation test was performed on 
children with the gingival pigmentation, with 
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TaBLeE II 
Social Distribution of Juvenile Gingial Pigmentation 
et : | Male Female 
Social circumstances ‘Total number of, Number of % Total number of| Number of % a 
____ [persons examined patients ¥ persons examined) _ patients _ 4 
City 628 346 55.1 632 373 | «59.0 
Fishing village Ry) 266 50.7 552 312 56.5 
Mountain village 1,261 519 2 = || 1,218 564 46.3 
Farm village 2,531 | 1,032 40.8 2,586 1,033 39.9 
gingivitis and with both of them incompari- by —, +, +, + and +}. For the sake of 


son with normal children. The result is shown 
in Table III, which shows that the saturation 
degree of vitamin C in children with gingivitis 
or gingival pigmentation is much lower than 
that of normal children. This indicates that 
the gingival pigmentation likely occurs in 
vitamin C-deficient children. 

When 12 cases of children with gingivitis 
were fed on the routine meal in their 
families, the gingivitis never disappeared and 
furthermore brown pigmentation appeared on 
gums of 2 children 6 months later. However, 
when 50mg. of vitamin C was administered 
orally every day besides common meal of 
the family to children with gingivitis, gingivitis 
disappeared and the gingival pigmentation 
did not occur. ‘This shows that vitamin CG 
can prevent the gingival pigmentation. 

The coloration degree of the gingival pig- 
mentation can be expressed macroscopically 


convenience of mathematical treatment, the 
number 0, 0.5, 1, 2 and 3 was given to each 
sign, respectively, and the coloration degree 
of the gingival pigmentation of individual 
person was expressed by the sum of the colo- 
ration numbers of maxillary and mandibular 
gums. When 100mg. of vitamin C was ad- 
ministered orally every other day to children 
with the gingival pigmentation, coloration of 
the gingiva due to pigment decreased gradual- 
ly and reached 61.1 in 6 months, compared 
with the initial coloration of 100 (%) prior 
to the administration of vitamin C. The con- 
trol group of children with the gingival pig- 
mentation, to whom no vitamin C was ad- 
ministered, showed only a slight decrease in 
coloration of the gingiva, and 6 months later 
the coloration was still 90.8, as against the 
initial coloration of 100 (Fig. 2). When, how- 
ever, the administration of vitamin C in 
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Puorto. 1. Pictures of juvenile gingival pigmentation. 
1. Gums of healthy person 
2 and 3. Gums of juvenile gingival pigmentation. 


696 


whether the therapeutic effect of vitamin C 
is attributable to the nonspecific decoloration 
due to the reducing effect of vitamin C or 
to an unknown specific action of vitamin C. 
In order to elucidate this problem, effect of 
vitamin C upon tyrosinase, which plays an 
important role in melanin formation, was 
examined. 

a) Preparation of Tyrosinase—Tyrosinase 
was partially purified from crusts of potatoes 
by Kubowitz method (3). This purification 
procedure is illustrated in Scheme I. One 
mg. of the purified enzyme showed 60 units 
by the author’s method. 

b) Substrate Solution—Forty mg. of DL-2, 
4-dihydroxy-phenylalanine (DOPA) was dis- 
solved in 20ml. of distilled water, heated in 
a boiling water bath, and 2mg./ml. DOPA 
solution was obtained. 

c) Solution of Reduced Vitamin C—A de- 
finite mg. of L-ascorbic acid was dissolved in 
100 ml. of redistilled water and immediately 
used for the experiment. 

d) Measurement of Activity—Twelve ml. of 
the enzyme solution was placed in a cuvette 
and 0.3 ml. of reduced vitamin C solution and 
0.5ml. of DOPA solution were added to it. 
The enzymatic reaction was carried out with- 
in the cuvette of Coleman spectrophotometer. 
Using a stop-watch, the time required for the 
optical density to begin to increase and the 
value of the optical density at unit time were 
measured at 485 my, where the maximum light 
absorption of DOPA chrome was observed. 
Since the spectrum of ultraviolet absorption 
of reduced vitamin C was different from those 
of DOPA and tyrosinase, the amount of re- 
duced vitamin C was measured at 260my 
with time. 

DOPA-DOPA chrome reaction by tyrosi- 
nase was inhibited for a certain period of 
time by the addition of reduced vitamin C. 
As shown in Fig. 3, the length of the lag 
period was in correspondence to the concent- 
ration of reduced vitamin C, namely, a lag 
period of 2.5, 3.5 and 4.5 minutes with a 
concentration of reduced vitamin C of 1.0, 1.4 
and 1.8mg./dl., respectively, but the decrease 
of reduced vitamin C proceeded at the same 
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rate. The enzymatic reaction seems to take 
place immediately after reduced vitamin Cc 
has disappeared, and in each case the enzy- 
matic reaction proceeded at about the same 
rate as that of the control. 
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Relationship between the inhibition 


concentrations of reduced vitamin C. 
of DOPA and tyrosinase, 2 
mg./ml. and 10mg./dl., respectively. 


Concentrations 


When the concentration of the substrate 
and reduced vitamin C was kept constant 
and the concentration of tyrosinase was varied 
to 5, 2.5, and 1.25 mg./dl., the inhibition period 
became 2, 4, and 8.5 minutes, as shown in 
Fig. 4. The amount of reduced vitamin C 
decreased rapidly at a high concentration and 
slowly at a low concentration of the enzyme. 
At any rate, the enzymatic reaction was re- 
stored when reduced vitamin C disappeared 
from the reaction mixture. 

When the concentrations of reduced vita- 
min C and tyrosinase were kept constant and 
the concentration of DOPA was varied to 1.0, 
0.5 and 0.25mg./dl., the amount of reduced 
vitamin C in the reaction mixture decreased 
rapidly at a high concentration and slowly 
at a low concentration of the substrate. Just 
like the above cases the inhibition came to end 
and the enzymatic reaction was restored just 
when reduced vitamin C had disappeared 
(Figs): 
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of enzymatic activtiy by vitamin C and the concent- 
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Fig. 5. Relationship between the inhibition 
of enzymatic activity by vitamin C and the concent- 
ration of substrate (DOPA). 

Concentrations of ascorbic acid and tyrosinase 
0.5mg./dl. and 5mg./dl., respectively. 


It was confirmed that glutathione and 
cysteine, both of which are important reducing 
substances in a living system as is ascorbic 
acid, also have an inhibitory effect on DOPA- 
DOPA chrome reaction. 


Thus, the mechanism of the formation of 
gingival pigmentation by vitamin C-deficiency 
could be well explained by the above experi- 
ments. ‘Through the lack of vitamin C, the 
inhibitory effect of vitamin C on DOPA- 
DOPA chrome reaction decreases and the 
reaction proceeds in a living body to form 
melanin pigment more easily. 

Re-examination of Vitamin C Requirement of 
Japanese Population—Since the gingival pigmen- 
tation due to vitamin C-deficiency is frequent- 
ly observed at the present time in Japanese 
school children, it is considered to be quite 
necessary to re-examine the dietary allowance 
of vitamin C in Japanese population, especial- 
ly in children. By the consecutive oral ad- 
ministration of various test doses of vitamin 
C, the state of vitamin C saturation was in- 
vestigated from vitamin C concentration in 
blood, and dietary allowance of vitamin C in 
adult and child was also examined. Vitamin 
C in whole blood was determined by dinitro- 
phenylhydrazine method (4). 

Oral administration of various test doses 
of vitamin C was made with strictly vitamin 
C-free diet, in schoolboys aged 10 to 12 years 
and adults of 23 to 32 years (Fig. 6). 
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Fic. 6. Relationship between vitamin C ad- 
ministration and concentration of vitamin C in 
blood. 

In the Ist week, vitamin C of 0.4mg. per kg. 
was given daily and the vitamin C in blood was 
determined on the last day of the week. In the 2nd 
week, vitamin C of 0.6mg./kg. was given daily 
and vitamin C in blood was determined on the 
last day of the week, and so on. 
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In adults, the requirement of vitamin C 
to keep the blood level of vitamin C in a 
state of saturation was 1.2 to 1.6mg. (mean 
value, 1.4mg.) per kg. body weight, and the 
saturated concentration of vitamin C in blood 
was 1.2 to 1.3mg./dl.. In children, the require- 
ment of vitamin C to keep the blood level of 
vitamin C in a state of saturation was 1:6 to 
1.8mg. per kg. of body weight and the satu- 
rated concentration of vitamin C in blood 
was 2.5 to 2.6mg./dl.. 

Thus, in children, the amount of vitamin 
C necessary to keep the saturated level of 
blood vitamin C is higher than that of adults, 
and the saturated level of blood vitamin C 
is also higher in children than in adults. This 
fact implies that children become more easily 
deficient in vitamin C than adults, thus ex- 
plaining the reason for the markedly high 
incidence of gingival pigmentation in children 
than in adults, which is considered to be 
caused by the lack of vitamin C. 

For the dietary allowance, it might be 
more reasonable to take the amount of vitamin 
C necessary to keep the saturated level of 
blood vitamin C rather than the amount of 
vitamin C necessary to prevent scurvy. There- 
fore, 14mg. of vitamin C per kg. of body 
weight might be recommended as the daily 
requirement of a Japanese adult and 1.7mg. 
of vitamin C per kg. of body weight as that 
of a Japanese child. 


DISCUSSION 

Besides the juvenile gingival pigmentation 
described herein, various kinds of gingival 
pigmentation have been reported so far. One 
of the most frequent cases of pigmentation 
is the condition due to the intoxication by 
heavy metals such as mercury (5). In the 
case of the intoxication by heavy metals, gin- 
gival pigmentation is observed at the peri- 
pheral part of the gingiva close to dental 
surface and it is the pigmentation of metal 
granules. In the case of Addison’s disease, 
pigmentation of grey to black-brown color is 
often observed at oral mucosa, especially at 
buccal mucosa. The mucosa pigmentation is 
maculate and skin pigmentation is also ob- 
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served at the same time (6). As a physiologi- 
cal pigmentation, Reiche (7) reported 
pigmentation of mouth mucosa of Negro, 
Indian, Arabian, and Chinese. In Japanese, 
Okuguchi (8) and Mine (9) reported 
physiological pigmentation of light brown to 
dark brown color in the mouth and in a few 
cases gingiva was also reported to be included. 
Fujibayashi (J0) examined the gums of 
many Japanese and reported that gingival 
pigmentation was observed in about 5 per 
cent of the people examined, and Miyoshi 
(11) confirmed the of gingival 
pigmentation to be mela nin. 

However, these physiological gingival pig- 
mentations are observed in adults or in aged 
persons, while the juvenile gingival pigmen- 
tation herein described is observed in the 
younger generation of pre-school to school 
age, and the local findings and incidence are 
different from them. 

By nutritional studies, etiology of the 
juvenile gingival pigmentation was attributed 
to the deficiency of vitamin C. Reduced 
vitamin C has an effect of inhibiting the 
DOPA-DOPA chrome reaction, probably 
attributable to the oxidation of reduced vita- 
min C. In the absence of vitamin C, DOPA- 
DOPA chrome reaction may proceed more 
easily in a living body to form melanin pig- 
ment. In order to explain this inhibition 
phenomenon of vitamin C, a possible mecha- 
nism for the reaction was assumed. 

DOPA reacts with 1/2 O, catalyzed by 
tyrosinase and DOPA-quinone is formed, 
which in turn forms a leuco compound im- 
mediately by the intramolecular rearrange- 
ment. The leuco compound is immediately 
converted to DOPA-chrome by a spontaneous 
oxidation. When, however, reduced vitamin 
C (ascorbic acid) is present in the reaction 
mixture, DOPA-quinone may again be con- 
verted to DOPA by ascorbic acid, as long as 
ascorbic acid is present in the reaction mix- 
ture, and the reaction of DOPA-quinone to 
leuco compound ceases. At the same time, 
ascorbic acid is converted to dehydroascorbic 
acid. ‘Therefore, when ascorbic acid is com- 
pletely oxidized, the original DOPA-DOPA 


pigment 
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chrome reaction may be restored. 

The inhibitory effect of reduced vitamin 
C on tyrosinase activity was already reported 
by Lerner (/2) and the fact that the enzy- 
matic oxidation of DOPA does not proceed 
in the presence of reduced vitamin C was 
also discussed, but the mechanism of this 
inhibition by reduced vitamin C was not well 
elucidated. Mizuno (J/3) in his interesting 
study assumed that the inhibition of tyrosinase 
by reduced vitamin C was attributable to the 
reduction of copper in the tyrosinase by re- 
duced vitamin C. However, when a large 
amount of reduced vitamin C is added to the 
tyrosinase reaction, tyrosinase is used for a 
long period of time for the oxidation of re- 
duced vitamin C and tyrosinase catalyzes the 
original DOPA-DOPA chrome reaction with 
the same reaction velocity as that of the con- 
trol reaction only after reduced vitamin C is 
consumed from the reaction mixture (Fig. 3). 
From this fact, it is considered that the réduc- 
tion of copper in tyrosinase might not be the 
mechanism of the inhibitory effect of vitamin 
C. 

Both tyrosinase and ascorbic acid are 
present in a normal body. If there isa state 
of vitamin C deficiency, the inhibitory effect 
of ascorbic acid on tyrosinase described above 
may decrease and the formation of melanin 
may then be accelerated. This is considered 
to be the cause for the abnormal gingival 
pigmentation. 


SUMMARY 


1. Peculiar band-shaped pigmentation of 
light brown to dark brown color was ob- 
served at the gingiva in high percentage 
among Japanese children and the term of 
“juvenile gingival pigmentation” is proposed. 

2. From the incidence of gingival pig- 
mentation in vitamin C-deficient children, as 
shown by vitamin C saturation test, as well 
as by preventive and therapeutic effect of 
vitamin C on gingival pigmentation, etiology 
of the juvenile gingival pigmentation is attri- 
buted to the deficiency of vitamin C. 

3. In connection with this problem, the 
effect of vitamin C on tyrosinase, which plays 
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an important role in melanin formation, was 
discussed. When ascorbic acid is present in 
the reaction mixture, DOPA-quinone formed 
by tyrosinase from DOPA is considered to be 
reconverted to DOPA by ascorbic acid and the 
reaction of DOPA to DOPA-chrome ceases. 

4. As the daily requirement of vitamin 
C in Japanese adult and child, 14mg. and 
1.7mg. per kg. of body weight, respectively, 
may be recommended from the experiment 
to keep the saturation level of blood vitamin 
C. In children, the amount of vitamin C 
necessary to keep the saturated level of blood 
vitamin C is higher than that in adults, and 
the saturated level of blood vitamin C is also 
higher in children than that in adults. This 
fact implies that children become more easily 
deficient in vitamin C than adults and also 
explains the reason for the markedly high 
incidence of the gingival pigmentation due to 
vitamin C-deficiency in children than in 
adults. 
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In mammals, melanin pigment is synthe- 
sized in a speciffc cell, the melanocyte, by 
the action of a copper-containing oxidase, 
tyrosinase (1~3). This enzyme catalyzes the 
aerobic oxidation of tyrosine, the precursor 
of melanin, to a monomer, 5,6-dihydroxy- 
indole ; this monomer, in turn, is transformed 
into a large polymer which is probably at- 
tached through its quinone linkages to the 
amino or sulfhydryl groups of the protein 
matrix of the pigment granule. It has been 
shown that mammalian tyrosinase is attached 
to a specific cytoplasmic particle (4, 5). The 
name “melanosome” has been proposed for 
these distinctive, enzymatically active particles 
which are the site of melanin formation and 
are found only within the cytoplasm of the 
melanocyte (6). Melanosomes have been 
shown by biochemical and electronmicroscopic 
studies to be different from mitochondia (6). 
Electronmicroscopy has revealed the mor- 
phology of melanosomes and melanin granules 
(7~10): Birbeck and Barnicot (//) and 
SéijineFitzpatrick. and Birbeck. 6) 
have reported that a series of steps can be 
seen in the formation of melanin granules 
within the melanocyte. 

Recently we have become aware that 
there appears to be an inverse relationship 
between amount of tyrosinase activity and 
degree of melanization within melanosomes. 
The experiments described in this paper were 
performed in an effort to clarify this relation- 
ship. Melanosomes were obtained from two 
types of mammalian melanoma and from the 
retinal pigment-epithelium of the chick em- 
bryo. A decrease in reaction velocity was 


found to be associated with zz vitro melaniza- 
tion of isolated melanosomes. 


EXPERIMENTAL METHODS 


Preparation of Large-Granule Suspension from Mouse 
Melanoma—B-16 and Harding-Passey mouse melanoma 
were serially transplanted in C-57-strain mice and 
Swiss-strain mice respectively. The entire, actively 
growing melanoma was excised when the diameter 
reached 1—l1.5cm. The tumor was promptly homo- 
genized in 0.25 M sucrose sulotion at about 0°C. All 
subsequent processing took place at a temperature of 
about 3°C. The homogenate was centrifuged at 700 
xg for 10 minutes. The resulting ‘‘ low-speed ’’ super- 
natant, when centrifuged at 11,000 g for 10 minutes, 
yielded a sediment which was resuspended in 0.25 M 
sucrose and recentrifuged at 15,000 x g for 10 minutes. 
The sediment thus obtained was again suspended in 
0.25 M sucrose to make the ‘‘ large-granule suspension ”’ 
used as starting material for density-gradient centri- 
fugation in our experiments. 

Preparation of Large-Granule Suspension from Retinal 
Pigment-Epithelium of Chick Embryos.—Retinal pigment 
epithelium, dissected from the eyes of Rhode-Island- 
Red chick embryo, was homogenized in 0.25 M sucrose 
solution. The homogenate was centrifuged at 300 
g for 5 minutes and two more successive centrifuga- 
tions were carried out at the same speed with the 
The last supernatant was 
centrifuged again at 11,000 g for 10 minutes. The 
resulting sediment was then resuspended in 0.25 M 
sucrose solution and recentrifuged at 15,000 x g for 10 
minutes. 


respective supernatants. 


The sediment thus obtained was suspended 
in 0.25 M sucrose to form the ‘‘ large-granule sus- 
used as the starting material for density- 
gradient centrifugation in our experiments. 

Preparation of the Specific-Gravity-Gradient Tubes— 
Tubes of the Spinco swinging-bucket rotor (SW 39-L) 
were prepared by layering 0.5 ml. of eight different 
concentrations of sucrose solution in serial order, with 


pension ”’ 
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the most concentrated layer at the bottom of the tube 
(72). They were then allowed to stand overnight 
(about 18 hours) so that the gradient might become 
smooth. The sucrose concentrations used for separa- 
tion of melanosomes (Fig. 1 A) were 2.6M, 2.4 M, 
2.2 M, 2.0M, 1.8M, 1.6M, 1.55M and 15M. Im- 
mediately before centrifugation, of freshly 
prepared large-granule suspension from mouse mela- 
noma or pigment-epithelium of the chick embryo was 
layered carefully over the top of each tube. 

Isolation of the Melanosome Fraction after Centrifuga- 
tion—At the end of centrifugation, the position of the 
strata in each tube was recorded (Fig. 1 B) and the 
fraction contained in the bottom of the tube (i. e., 


1 ml. 


between the bottom and a point 1cm above the 
bottom) was isolated by means of a specially designed 
centrifuged-tube cutter (73). The fraction thus obtain- 
ed constituted the “‘ melanosome suspension.”’ 

A B 


LARGE 
|.Oml. GRANULE 
SUSPENSION 


MOLARITY OF 
SUCROSE SOLUTION 


Eyes t: 
trifugation, showing the layering of eight different 


A. Density-gradient tube before cen- 


concentrations of sucrose solution and the large- 
suspension (in 0.25 M The 
gradient was prepared 18 hours in advance; the 


granule sucrose). 
large-granule suspension was added immediately 
before centrifugation. 

B. The two opaque regions appeared in the 
gradient tube after ultracentrifugation at 103,000 
xg for 1 hour. The place where the tube was 
cut 1cm. from the bottom is shown by a dotted 


line. 


Determination of Tyrosinase Actiwity—Tyrosinase was 
determined manometrically by measurement of the 
oxygen consumption. t-Tyrosine, L-dopa, and a mix- 
ture of L-tyrosine and t-dopa in the 0.1 M phosphate 
buffer at pH 6.8 were used as substrates. 

Protein-Nitrogen Determination—Protein was preci- 
pitated by adding 10% trichloroacetic acid to each 
sample. The precipitate was spun down, washed once 
with trichloroacetic acid and dissolved in N NaOH. 


The nitrogen-content of this alkaline solution was 


determined by the micro-Kjeldahl method. 

Electronmicroscopy—For electronmicroscopy, suitable 
aliquots of each preparation were mixed at 0°C with 
1% osmic acid tetraoxide buffered with acetate-veronal 
to pH 7.4, centrifuged at 11,000 g for 10 minutes, 
and kept at about 3°C for fixation. After fixation 
for 2 hours, the sediment was dehydrate in a graded 
series of ethyl alcohols and allowed to polymerize 
with Araldite resin. Sections cut with a modified 
Cambridge rocker-microtome were studied by means 
of a Siemens Electronmicroskop 1. 

Estimation of the Optical Density of the Melanosome 
Suspension—The optical density of the melanosome 
suspension was measured by means of a Beckman 
spectrophotometer, Model DU, in the range between 
400 my: and 700 mp. 


RESULTS 


Comparison of the Color Intensity of Melano- 
somes Isolated from Mouse Melanoma and from the 
Retinal Pigment-Epitheium of Chick Embryos— 
Fig. 2 shows that melanosome suspensions 
prepared from B-16 mouse melanoma are 
significantly darker than those prepared from 
Harding-Passey tumors. At 550 my, the optic- 
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Fie. 2. 
from mouse melanoma and retinal pigment-epithe- 
lium of Rhode-Island-Red chick embryos. The 
melanosomes from mouse melanoma and retinal- 


Absorption spectra of melanosomes 


pigment-epithelium were isolated by the method 
described in the text, washed several times in 
distilled water, and resuspended in distilled water. 
The concentrations of these suspensions are ex- 
pressed in milligrams of dry weight per milliliter. 
These readings were taken in a Beckman Model 
DU spectrophotometer. 
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al density of the melanosome suspension (0.1 
mg. dry weight/ml.) isolated from retinal pig- 
ment-epithelium of the 17-day Rhode-Island- 
Red chick embryo is twice that of suspensions 
(0.4 mg. dry weight/ml.) isolated from the 10- 
day chick embryo. 

Comparison of the Tyrosinase Activity of  Me- 
lanosomes Isolated from Mouse Melanoma and from 
the Retinal Pigment-Epithelium of Chick Embryos 
—Melanosomes isolated from Harding-Passey 
mouse melanoma contain three or four times 
more tyrosinase per milligram of protein- 
nitrogen than those from B-16 mouse mela- 
noma (Table I). Comparison of melanosome 
suspensions obtained from 10-day and 17-day 
chick embryos (Table I) shows that the tyro- 
sinase level of the suspension prepared from 
the pigment-epithelium of the 10-day chick 
embryo is twelve times higher than that of 
the suspension prepared from the correspond- 
ing tissue of the 17-day chick. 

Some time ago, Miyamoto and Fitz- 
patrik (/4) reported that the level of tyro- 
sinase activity of pigment granules isolated 
from the retinal pigment-epithelium of 
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Comparison of the Tyrosinase Activity 
| Specific Activity 


Experiment | 

| vl. per hour per mg. protein-nitrogen 
Number |—— —— Seo a “2 

Harding-Passey B-16 

1 1114 | 210 

2 | 1120 256 

3 | 850 365 

4 141 


Retinal Pigment-Epithelium 
— 10-day chick | 17-day chick 
embryo _embryo 


592 | 49.5 


| 
| 
| 
| 
| 
| 
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Comparison of the tyrosinase activity of 
melanosomes isolated from mouse melanoma 
and from retinal pigment-epithelium of chick 
embryos. ‘Tyrosinase activity was estimated 
respirometrically by measuring the oxygen 
10:1 mixture of L- 
tyrosine and t-dopa as substrate (1.77 pmoles) 
in the 0.1 M phosphate buffer (pH 6.8). 


consumption, using a 


Rhode-Island-Red chick embryos changes as 
embryonic development advances and that it 
reaches its highest level in the 10-day chick. 
The experimental data reported here confirm 
their observations. 

Effect of Incubation in L-dopa on the Tyrost- 
nase Activity of Melanosomes—Keeping in mind 
the experimental results just described, the 
following in vitro experiment was designed 
to test the relationship between artificial 
melanization and changes of tyrosinase activ- 
ity in melanosomes isolated from Harding- 
Passey mouse melanoma. ‘These tumors are 
lighter in color than B-16 mouse melanoma 
and contain a high level of tyrosinase activity. 
Fig. 3 shows the experimental procedure. 
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somes isolated from Harding-Passey mouse mela- 
noma. Melanosomes of experimental series A 
were incubated with L-dopa in Warburg apparatus 
at 38°C with 0.1 phosphate buffer at pH 6.8; 
control group B was incubated without dopa under 
the same conditions. After the oxygen consump- 
tion of the experimental group reached its max- 
imum, 1 mg. of u-dopa was added to the reaction 
vessels of both groups for measurement of tyro- 


sinase activity. 


Suspension A was incubated with | mg. of 
L-dopa. When the oxygen consumption had 
reached its maximum after 3.5 hours of in- 
cubation, the tyrosinase activity of the sus- 
pension was measured, using dopa as a 
substrate. Simultaneously with Suspension 
A, Suspension B was incubated under identical 
conditions, but without dopa, so that the 


tyrosinase activity of the two suspensions 
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TABLE II 


Reaction Velocity of 
Dopa 
No. Original Melanosomes 
gm. vl. per minute 
] 0.5 3.8 
2 0.5 3.4 
3 0.5 
4 1.0 4.3 | 
5 1.0 4.6 | 
6 1.0 3.8 | 
7 1.0 3.8 
8 1.0 3.4 
9 15 
9 152 
9 0.9 
9 0.6 | 
9 0.3 


Effect of Incubaticn in L-dopa on the Tyrosinase Actwity of Melanosomes 


The melanosomes isolated from Harding-Passey mouse melanoma were incubated with 


L-dopa. 


After the oxygen consumption reached a maximum, tyrosinase activity was measured 


by adding 1 mg. of t-dopa and was compared with the tyrosinase activity of untreated melano- 


somes ; incubation was carried out under the same conditions, but without L-dopa. 


0) 03 0-6 0-9 


(S) mg. 


12 1°5 


Fic 4. Relationship between dopa concentra- 
tion (S) and reaction velocity (V) (rate of oxygen 
consumption, in microliters per minute) in melano- 


somes incubated in dopa. 


could be compared. The color of the reaction 
mixture of A at the end of incubation was 
much darker than that of B. As can be 
seen in Table II, there is a significant de- 
crease in the reaction velocity of tyrosinase 
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Reaction Velocity of Reaction Velocity of 
Original Melanosomes Incubated Melanosomes 
vl. per minute vl. per minute 
Ball Yell 
B58) Dall 
2.8 75) 
4.] all 
3.8 2.8 
3.4 Zl 
Ball 2.8 
38) DS 
Sal Iai 
Ball 1.6 
Soll IES) 
3.) | 2.4 
Boll 2.8 
in Suspension A after incubation. A_ linear 


relationship between the concentration of 
dopa in the incubation mixture and the re- 
action velocity of tyrosinase is shown in Fig. 
4. (Experiment No. 9 in Table II). 

Electronmicrographs of Melanosomes Which 
Have Been Melanized in Vitro—In order to 
demonstrate the morphological changes in 
melanosomes which follow incubation with 
dopa, electronmicrographs were taken after 
incubation of the dopa-treated and control 
large-granule suspension isolated from Hard- 
ing-Passey melanoma (Figs. 5 A and B). Fig. 
5 B is an electronmicrograph of the intensely 
electron-dense melanosomes which were never 
found in control suspensions (Fig. 5 A), but 
which appeared consistently in fractions which 
had been incubated with dopa. It is not 
possible to prepare good electronmicrographs, 
because of the effect of incubation with or 
without dopa on the fixation process, but 
those obtained were sufficiently clear to per- 
mit adequate identification of the elements 
present. 
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A 


Eye. 
after incubation without dopa (B in Fig. 3). 
fication, x 32,000. 


A. Electronmicrograph of large-granule 
Melanosomes and mitochondria can be identified. 


The line in the lower part of each illustration denotes the length of 1 micron. 


susdension of Harding-Passey mouse melanoma 


Magni- 


B. Electronmicrograph of large-granule suspension of Harding-Passey mouse melanoma after incuba- 


tion with dopa (A in Fig. 3). 


suspension, but appear consistently in fractions which have been incubated with dopa. 


x 32,000. 


DISCUSSION 


The experimental results presented in 
Fig. 1 and Table I suggest that differences 
in the specific activity of tyrosinase may be 
related to degree of melanization of melano- 
somes. ‘The decrease in reaction velocity fol- 
lowing incubation with dopa of melanosomes 
isolated from Harding-Passey melanoma (Ta- 
ble II) appears to be related to the degree 
of in vitvo melanization of melanosomes by 
incubation in dopa. In melanosomes incubat- 
ed with dopa for three consecutive periods 
the tyrosinase activity is reduced 73 per cent 
below control levels, while in melanosomes 
incubated for the same period without dopa, 
the tyrosinase activity is reduced only 7 per 
cent below initial levels. 

The question arises whether the decrease 
in reaction velocity might be explained by 
the type of reaction inactivation observed by 
Nelson et al. (15, 1/6) in preparations of 
plant tyrosinase. These workers noted that 


Intensely electron-dense melanosomes were never found in the control 


Magnification, 


orthodiphenolase or catecholase activity under- 
goes early and progressive inactivation as 
oxidation of the substrate proceeds. In pre- 
parations of mammalian tyrosinase, this effect 
has not been observed with the diphenolic 
substrate, dopa. The reaction inactivation of 
plant tyrosinase does not appear to be due 
to products known to be formed during the 
oxidation of catechol, but occurs at the time 
when catechol is oxidized. 

The linear relationship between the con- 
centration of dopa in the incubation mixture 
and the reaction velocity of tyrosinase clearly 
shows that the relationship between dopa 
concentration and tyrosinase activity is in- 
verse. The same inverse relationship between 
enzyme activity and substrate concentration 
is found in melanosomes which have been 
incubated with tyrosine instead of dopa. 
Thus the reduction in the reaction velocity 
of tyrosinase (as shown in activity units 
of Hogeboom and Adams (/7)) after in- 
cubation in tyrosine or dopa would appear 
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to result from a blocking of the active centers 
on the enzyme rather than from inactivation 
of the reaction. It is likely that the centers 
of tyrosinase activity in the melanosome are 
blocked by the quininoid intermediates (dopa- 
quinone, indole-5,6-quinone) in a chemical 
process similar to tanning and that during 
melanization melanosomes are gradually con- 
verted from enzymically active particles (early 
stages) into masses of inert melano-protein 


(Fig. 6). 


MITOCHONDRIA © @® 
°° MELANIN GRANULE 0.4~ 20, 
Pye (Melanoprotein polymer) 
7 
MELANOSOME 0.i~0O 4p 


(Cell organelle with internal 
structure and tyrosinase activity) 


™~ PRE -MELANOSOME 
(Tyrosinase 2) 


0.01~ 0.05 py 


Fie, 6: 
melanin granules in the melanocyte. 


Diagram showing development of 
Melanin 
granules are distinctive cytoplasmic constituents of 
the melanin-forming cell and have their own 
The 
is proposed for the distinctive, 


characteristic enzyme (tyrosinase). term 


“*melanosome”’ 
enzymatically active particle which is the site of 
melanin formation and is located within the cyto- 
plasm of the melanocyte. 


Electronmicroscopy has produced evidence 
to support this concept. Although the dense 
material seen in electronmicrographs may not 
be identical with melanin, it seems quite safe 
to consider that the changes seen after in- 
cubation with dopa may be due to in vitro 
melanization. 

In order to separate the less melanosomes 
from more intensely melanized melanosomes, 
density-gradient tubes were prepared with 
sucrose solution (concentration 2.5 M@—1.5 M) 
and the large-granule suspension isolated 
from Harding-Passey melanoma. ‘The typical 
appearance of the tube after centrifugation 
in a horizontal rotor at 103,000 g for 1 hour 
is quite similar to that shown in Fig. 1B: a 
narrow, brownish-gray, relatively tightly pack- 
ed band is visible at the top of the gradient 
and a relatively clear zone lies between this 


layer and the brown or black suspension 
which fills almost the entire bottom half of 
the tube. The fractions containing melano- 
somes of low density had two or three times 
more activity than the fraction containing 
melanosomes of high density. Electronmicro- 
graphs of these fractions did not, however, 
show any significant differences in degree of 
melanization of melanosomes isolated from the 
upper fractions (low density) and the lower 
fractions (high density). 


SUMMARY 


1. Melanosomes, the distinctive, en- 
zymically active particles which are the site 
of melanin formation, have been separated 
from B-16 and Harding-Passey mouse mela- 
noma and from retinal pigment-epithelium 
of chick embryos by density-gradient cen- 
trifugation. 

2. The color and tyrosinase activity per 
milligram of protein-nitrogen of melanosomes 
isolated from these tissues have been com- 
pared. Melanosomes isolated from B-16 mouse 
melanoma showed greater optical density and 
less tyrosinase activity than those of Harding- 
Passey melanoma. Melanosomes _ isolated 
from the retinal pigment-epithelium of the 
10-day-old chick embryo showed less optical 
density and higher tyrosinase activity than 
those isolated from the retinal pigment- 
epithelium of the 17-day-old chick embryo. 

3. Melanosomes isolated from Harding- 
Passey mouse melanoma were melanized zn 
vitro by incubation with dopa. The reaction 
velocity of tyrosinase in melanosomes which 
had been thus melanized in vitro was signifi- 
cantly decreased. There was an inverse linear 
relationship between the concentration of 
dopa in the incubation mixture and the reac- 
tion velocity of tyrosinase. 

4. Under the electronmicroscope, melano- 
somes which had been melanized in vitro had 
an intensely electron-dense appearance which 
suggested that their surface had been covered 
chemically and mechanically by dopa-melanin 
which had been produced during incubation. 

5. Experimental results suggest that as 
successive layers of melano-protein accumulate 
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on the melanosome, the active centers of 
tyrosinase are blocked and that therefore 
there exists a reciprocal relationship between 
degree of melanization and level of measurable 
tyrosinase within the melanosome. 
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The amount of catalase in erythrocytes, 
liver or other biological materials has been 
determined mostly on the basis of its enzy- 
matic activity. Since many _ investigators 
have indicated the probable existence of 
inhibitory or stimulating substances for the 
enzymatic activity of catalase, such a determi- 
nation is apparently easily disturbed and a 
careful consideration must be given so that 
it yields a precise value of the level of this 
enzyme. 

The immunochemical assay by means of 
the quantitative precipitin reaction has been 
studied by Deutsch and Seabara (J) 
and is recognized to have the advantage of 
estimating the actual concentration of the 
enzyme protein, although involving the pos- 
sibility of cross reaction with other proteins 
closely related to catalase. 

It is a well known fact that a remarkable 
decrease in liver catalase is demonstrated in 
tumor-bearing animals, and hormones have 
been reported to increase the activity of 
catalase in liver, but the question whether 
these are merely changes in activity or are 
accompanied by an alteration in the amount 
of actual enzyme protein remains unsolved. 
As Deutsch et al. (J) suggested, the combi- 
nation of these two kinds of assay method 
should provide us with a clue to answer this 
question, and also it may offer more advanced 
information on the situation of catalase in 
living tissues. Furthermore, it will be a 
useful tool for the approach to clarify the 
metabolism of this enzyme including the 


* The present address: c/o The Mary Imogene 
Bassett Hospital, Cooperstown, New York, U.S.A. 


biosynthesis of this specific protein molecule. 

By using rabbit antibody against crystal- 
line catalase from human erythrocytes, the 
present authors have investigated the level 
of catalase in human _ erythrocytes, rat 
erythrocytes and rat liver, with the simul- 
taneous measurements of the enzymatic activ- 
ity as well. This paper deals with the 
results, in details, obtained from such a study, 
an outline of which has been already publi- 
shed (2). 


EXPERIMENTAL 


Catalase as Antigen—From the hemolysates of 
human erythrocytes, catalase was highly purified in 
its crystalline form by the method of Herbert and 
Pimisten ta). 
phoretically and ultracentrifugically. 

Preparation of Anti-Catalase Serum—Rabbits were 


inoculated with this purified catalase suspended in 


The preparation was pure electro- 


Freund’s adjuvant solution (4). Only a single in- 
jection of 10mg. of catalase per rabbit was found 
enough to produce a fairly potent antiserum in 4 to: 
6 weeks. The antisera collected from immunized 
animals were pooled, inactivated at 56°C for 30 minutes, 
followed by lyophilization, and the resulting dried 
sera were dissolved in distilled water at the desired 
concentration just prior to use. 

Immunochemical Assay of Catalase—Employing an 
excess amount of anti-catalase solution above described, 
the level of catalase in a given preparation was deter- 
mined by the quantitative precipitin reaction (5). The 
specific precipitates were assayed by the phenol reagent 
method after dissolving with an alkali solution. The 
procedures were the same as those reported elsewhere 
by one of the authors (6). 

Activity Measurements of Catalase—The enzymatic 
activity was measured titrimetrically according to the 


method of Bonnichsen et al. (7). 
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RESULTS 


Calibration Curve—By the use of increasing 
amounts of purified crystalline catalase the 
calibration curve for its immunochemical 
assay has been established (Fig. 1). 
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Fic. 1. 
chemical assay of catalase.* 


A calibration curve for the immuno- 


—@—; precipitin reaction, 
—X—} enzymatic activity. 


Relationship between Precipitation and Activity 
—The assay of the specific precipitate sus- 
pended in 3M NaCl revealed that only 30 to 
60 per cent of the original enzymatic activity 
was recovered, in agreement with Deutsch e 
al. (1). These values might be understood by 
consideration of the poor solubility of the 
complex and the inactivation of catalase 
during the period of the precipitin reaction. 
Tria (@) and also Campbell et al. (Q) 
showed that the mixture of catalase and its 
antibody retained almost complete enzymatic 
activity. 

Since the enzymatic activity of catalase 
is inhibited by the presence of cyanide or 
cysteine, the precipitin reaction was investi- 
gated under these conditions. Even in the 
presence of inhibitors in a concentration 
sufficient to suppress the action of catalase 
completely, the precipitation was scarcely 


* Throughout this paper the amount of catalase 
was expressed in an arbitrary scale of units, and the 
following abbreviations were used: PU, units obtained 
by the immunochemical assay: AU, units calculated 
from the activity measurements. In the case of crys- 
talline catalase used as the standard, PU and AU 
are exactly the same. 
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affected. 

Therefore, it seems likely that the active 
site on a molecule of catalase which partici- 
pates in the combination with its antibody 
may be different from the prosthetic group 
responsible for its enzymatic function. 

Assay of Catalase in Human Erythrocytes—A 
hemolysate with water of human erythrocytes, 
after centrifuging at 14,000x g for 15 minutes, 
was submitted to the immunochemical 
determination of the amount of catalase as 
well as to the assay of its enzymatic activity. 
As indicated in Fig. 2, the level of catalase 
estimated immunochemically (PU) showed 
good correspondence with that calculated 
from the enzymatic activity. 


PRECIPITATION ( Arbitrary unit ) 


ie) 20 40 60 80 


ENZYMATIC ACTIVITY ( Arbitrary unit ) 
Fic. 2. The relationship between PU and 
AU in human and rat erythrocytes. 
©; human, @; normal rats, 
x ; tumor-bearing rats. 


Estimation of Catalase in Rat Erythrocytes— 
The rabbit antibody against catalase of 
human erythrocytes was found to give a 
considerable cross reaction with catalase of 
other species of animal except the rabbit. 
In hemolysates of rat erythrocytes, PU as 
determined by the use of the above calibra- 
tion curve (Fig. 1) was constantly 70 per cent 
of AU as shown in Fig. 2. Instead of a cross 
reaction with a reduced extent of precipita- 
tion, it is possible, though not likely, to 
assume that rat erythrocyte catalase has a 
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higher enzymatic activity than that of human, 
or that a specific activator is present in rat 
hemolysates. 

As studied so far, erythorcytes of tumor- 
bearing rats (ascites hepatoma, AH 49) showed 
no differences from those of normal animals. 
In all cases, a superna- tant separated from 
the specific precipitate by centrifugation con- 
tained no detectable activity of catalase. 

PU/AU Ratio in Rat Liver Homogenates— 
Table I shows the values of PU and AU in 
several preparations of rat liver homogenates 
from normal and tumor-bearing rats. Liver 
homogenates were made with 4 volumes of 
distilled water and assayed after being centri- 


Tas_Le I 
PU and AU in Rat Liver Homogenates 


PU/AU 


PU AU 
27 | 18.5 1.46 
110 90 1.22 
197%) 40155 1.94 
16 | 17 0.94 
Normal rat a} Bie i 34 1.09 
7 74 1.03 
49.5 | 14 3.54 
BY 94 Uhen7 3.50 
145 | 42.5 3.42 
208 | 74.5 2.80 
Tumor-bearing rat 165 89 1.85 
218 | 99 2.20 


a) and 5) The same preparation was examined 
at various dilutions. 
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fuged at 14,000x g for 15 minutes. 

It appears that the ratio of PU to AU 
in liver homogenates is rather different from 
liver to liver, ranging from about 1:1 over 
Sols 

Treatment of Liver Homogenates with Deoxy- 
cholae—Adams and Burgess (JO) reported 
that mouse liver homogenates, when treated 
with a detergent, showed a rise in the activ- 
ity of catalase which was attributed to a 
solubilization of the catalase involved in the 
large particulate fractions. They termed the 
catalase in liver homogenates before and 
after this treatment EPC* and fotal catalase 
respectively. Using this technique, treat- 
ment of rat liver homogenate** with sodium 
deoxycholate at a final concentration of 0.5 
per cent in tris-hydroxymethylaminomethane 
buffer (pH 8.0) was investigated by the 
immunochemical assay as well as by the 
activity measurements. The data are sum- 
marized in Table II. Except for one case 
of tumor-bearing animal, PU/AU ratios were 
about the same both in the supernatant and 
the total catalase. 

In another experiment, the supernatant 
fraction after centrifugation at 14,000xg for 
15 minutes did not exhibit any increase in 
catalase activity (PU or AU) by the treat- 
ment with a detergent. 

PU and AU after Incubation of Liver Slices 
—After incubation in sucrose-phosphate buffer 
at 37°C for varying periods of time, rat liver 
slices were homogenized and determination 


TasieE II 
Solubilization of Catalase with Deoxycholate ; 7 7 
Expt. No. I II | III IV 
Catalase unit PU AU PU AU PU AU PU) AU 
2 26.5 25.5 62 5 19/50 “213 89 
Supernatant catalase (1.03) | (1.65) (1.03) (2.49) 
sei, Sis eee 7102 66 61.5 344 198 
Total catalase (1.10) (1.45) (1.08) (1.74) 
Supernatant/total (%) 46 48 42 36 | 31 32 62 47 


Figures in parentheses indicate PU/AU ratio in each preparation. iL II and III; normal rats, IV; a 


tumor-bearing rat. 
* EPC means ‘‘ extraparticulate cytoplasmic ’’. 


Instead of this term, ‘“‘ Supernatant’’ was used in this article. 


** (0.35 M sucrose-phosphate buffer solution (pH 7.6) was used. 
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TaseE III 
Ratio of PU/AU and Supernatant/Total Catalase during Incubation 
Incubation time (hrs.) 0 1 2 3 
Supernatant catalase 1.46 1522 1.08 1.14 
PU/AU 
Total catalase | 0.83 0.96 1.09 a2: 
AU 38.0 26.3 34.0 36.8 
Supernatant catalase o 
Total catalase PU 39.0 34.5 35.6 36.3 
of PU and AU were made for both the total Tiel 
and the supernatant catalase. The results FE ree ee geri il 
obtained are indicated im Fig. 3.and Table 5 mate AN = ace 
II. 
; Experimental No. I II Ill 
It appears that PU/AU in the total : | 
catalase increased steadily with time while, we ig lacey on peomns | , 
on the contrary, the PU/AU of the super- euuity AU) | een 
natant catalase gradually decreased, and that Precipitation (PU) 22 17 10 
some changes occurred after 1 hour incuba- 


tion. 
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tions of catalase during the incubation of rat liver 


slices. 
AU (@) 
Supernatant { 
Total an (im) FU (0) 


(O) Particulate {Pu = 


Examination of Ascites Tumor Cells—Rat 
ascites tumor cells were collected and ex- 


Ascites tumor cells were homogenized with 6 
to 8 volumes of water and centrifuged. 0.2 to 
1.0 ml. of the supernatant solution was used for 
the assay of the activity, and 2.0ml. was used 
for the determination by the precipitin reaction. 


tracted with water. As demonstrated in Table 
IV, a certain measurable precipitation took 
place on adding anti-catalase solution to these 
extracts, while practically no enzyme activity 
could be detected. 


DISCUSSION 


Although immunological cross reactions 
among the catalase of several species of 
animal has already been shown qualitatively 
(8, 9), the present study has shown quanti- 
tatively this reaction between human erythro- 
cyte catalase and that of rat. A purified 
preparation of beef liver catalase also was 
found to react with antiserum against human 
erythrocyte catalase. This fact suggests. 
another advantage in enabling one to select 
different species of animal, so that the one 
species might be suitable for obtaining a 
purified preparation of catalase as an antigen, 
and the other convenient for the desired 
experimental purposes. Moreover, it offers 
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the possibility of investigating the relation- 
ship between species specificity the 
chemical nature of this enzyme. 

In the assay of hemolysates PU is linearly 
proportional to AU. 

Assuming that rat liver catalase is identi- 
cal with that in erythrocytes (of. (1, 10)), its 
PU/AU ratio might be expected to be 0.70. 
It is quite interesting that many findings 
from this study indicate a variable discre- 
pancy between PU and AU in the given 
preparations of rat liver and tumor cell 
extracts, and therefore, suggest the existence 
of a protein(s) which possesses no enzymatic 
activity of catalase but is precipitable by the 
antiserum against catalase. 

Adams and Burgess (l/) have 
demonstrated a remarkable increase in the 
activity of mouse liver catalase after treat- 
ment with Triton X100. It will be recognized 
from the similar experiment using deoxycho- 
late (Table II) that such an increase may 
involve, more or less, a rise in the actual 
concentration of the enzyme. With regard 
to the precentage of supernatant to total 
catalase, it is very likely that the difference 
in the conditions for homogenization results 
in the different values. Previous workers 
reported variable results of 30 per cent (//), 
50 per cent (/2) and 80 per cent (13), respec- 
tively. Based on experiments employing 
polyvinylpyrrolidone- or albumin-sucrose solu- 
tions for homogenization, Greenfield and 
Price (/4) concluded that most, if not all, 
of the catalase of the rat liver cell is in 
mitochondria and is rapidly released into 
sucrose solutions. Thomson and Klipfel 
(15) found 20 per cent of the catalase in the 
supernatant fraction of rat liver with use of 
polyvinylpyrrolidone. The distribution of 
liver catalase into subcellular fractions seems 
worthy of study by means of the immuno- 
chemical assay. 

Adams et al. (16, 17) have incubated 
mouse liver slices in a medium of phos- 
phate buffer and demonstrated an intracel- 
lular redistribution of catalase in terms of 
enzymatic activity; the supernatant catalase 
increases with time due to the release from 


and 


larger granules, while the level of the total 
catalase is maintained constant. In_ this 
report, from the view point of a preliminary 
approach to the biosynthesis of this enzyme 
protein, the same kind of experiment has 
been traced with the immunochemical assay 
in addition to activity measurements. As 
shown above, a few different findings from 
those of the previous authors have been 
found as well as other additional evidence. 
If it is supposed that the immunological 
precipitates of catalase may be contaminated 
with other protein compounds which are 
related to catalase metabolism, these data 
suggest many interesting possibilities for 
research in this field. 


SUMMARY 


By means of an immunochemical assay 
as well as enzyme activity measurements, 
catalase in human erythrocytes, rat erythro- 
cytes and liver has been investigated. 

In erythrocytes, the level of catalase 
determined immunochemically was propor- 
tional to that estimated from its activity, but 
in preparations from rat liver and ascites 
tumor cells, considerable discrepancies were 
seen between these two values. 

Based on the results obtained, the authors 
have suggested the existence of protein(s) 
exhibiting no enzymatic activity but react- 
ing immunologically as catalase. 
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Although a great deal of work has 
already been done on clinical and experi- 
mental fatty liver, details of the pathoge- 
nesis is not yet elucidated. Until recently it 
was not possible to determine the fatty acid 
composition of liver tissue accurately because 
of the limitation in analytical methods. 
Introduction of gas-chromatography for lipid 
analysis in 1956 (/) provided an extremely 
useful method to study this problem. We 
have therefore undertaken a gas-chromato- 
graphic analysis of fatty acid composition of 
the human fatty liver and mesenterial adipose 
tissue. 


MATERIALS AND METHODS 


Materials—Liver specimens from three cases of 
fatty liver showing numerous fat droplets in the liver 
cells were used. The first case was that of acute 
cyanide poisoning for the purpose of suicide, and the 
second was a six years old child with cyclic vomiting. 
The ;third ‘specimen was obtained from a case of 
fatty cirrhosis with history of alcoholism, who died 
in an accident. 

As a control eight liver specimens from autopsy 
materials without visible pathological changes were 
used. 

Methods—The fresh liver tissue (5 to 10g.), after 
addition of a small amount of hydroquinone, was 
homogenized in 200 ml. of chloroform-methanol (2: 1!) 
with a Waring blendor. The extract was evaporated 
to dryness in vacuo and hydrolyzed in 8% methanolic 
KOH at 60°C for four hours. After evaporation of 
the major part of methanol in vacuo the solution was 
shaken with petroleum ether (b.p. 40-60°C) three 
times. The solution was then acidified and shaken 
with ethyl ether. After the ether layer was evaporated 
to dryness, HCl-methanol and anhydrous aluminum 
sulfate were added and refluxed for two _ hours. 
Methanol was evaporated in vacuo and the methyl 


esters were dissolved in n-hexane. The hexane layer 
then with dilute sodium 
bicarbonate solution, and concentrated under a stream 


of nitrogen. 


was washed with water, 


Gas-chromatographic analysis was carried out at 
200°C: in a brass tube of 2.5m. 
internal diameter. 


long and 4mm. 
Reoplex 400 (2) was used as sta- 
tionary phase and helium as carrier gas. Detector 
was of the thermal conductivity type. Flow rate of 
about 100 ml./min. was used. For the quantitative 
determination synthetic arachidic acid was used as an 
internal standard. 

Column chromatography of lipids was carried 
out essentially as described by Barron and 
Hanahan (3). Silicic acid (Mallinckrodt, 100 mesh) 
was activated at 110°C over night and kept in an air 
tight bottle. 


dusted into a chromatographic tube of 15mm. dia- 


When use, 20g. of the silicic acid was 


meter. Approximately 40 ml. of acetone-ether (1:1), 
20 ml. of ethyl ether and 500ml. of petroleum ether 
were then passed through successively. After the 
lipid materials dissolved in a small amount of hexane 
were loaded, 350ml. of 15% benzene in n-hexane, 
300 ml. of peroxide free ethyl ether and 400ml. of 
methanol were applied. Fractions of 50 ml. 
were collected, the small aliquots of which were tested 


each 


for cholesterol, glyceride and phospholipid on each 
chromatography by using the Liebermann-Burchard 
reaction, Van Handel Zilversmit’s method (4) 
and Allen’s method (5) respectively. 
that ferric chloride reaction could not be used for 


It was found 


the determination of cholesterol in the liver tissue 
because of the lack of specificity. 
least one component which was positive on ferric 
chloride reaction but negative on Liebermann-Burchard 


There was at 


reaction. 


RESULTS 
In both liver and adipose tissue, fatty 


acids found constantly were myristic, palmitic, 
palmitoleic, stearic, oleic and linoleic acid. 


di4 


In some occasion there were observed several 
peaks showing the same retention time as 
those of myristoleic, pentadecanoic, heptade- 
canoic, linolenic and _ arachidic acids. 
However, since the precentages of these peaks 
were so small and the identifications of these 
substances were not complete, it was decided 
that they would better be omitted from the 
calculations. Although eicosatrienoic acids 
were frequently found, their separation were 
not so perfect enough to premit the accurate 
determinations that they were included in 
one group as C20 unsaturated acids (C20F). 


The Fatty Acid Camposition of the Liver 


Total Lifid—In the non-fatty liver where 
no distinct pathological change was found 
the most abundant fatty acid was palmitic 
acid accounting for 34.0 per cent of the total 
fatty acid. The next abundant was oleic 
acid (24.0 per cent) followed by linoleic, and 
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stearic acid. On the other hand, in fatty 
liver the most abundant fatty acid was oleic 
acid reaching 40.2 per cent. There were also 
striking increases of palmitoleic acid and 
myristic acid and distinct decrease of stearic 
acid portion (Table I). 

As compared with the fatty acid com- 
position in the control group the analysis of 
fatty acid revealed an about twofold increase 
in the oleic acid portion and an about four 
times increase in palmitoleic acid, which is 
also a monoethenoid acid. On the other 
hand the percentages of stearic acid were 
decreased to about one eighth of that in 
control group. Octadecadienoic acid which 
was proved to be mainly linoleic acid by 
oxidative degradation (6) decreased to about 
one half of the control. 

Cholesterol Ester Fraction—The most abun- 
dant fatty acid in cholesterol ester of the con- 
trol liver was oleic acid followed by palmitic 


TABLE I 


Fatty Acid Composition of the Fatty Liver, Expressed as 
Percentages the Total 


Fatty Liver 


In precentages of total 


Age Sex Diagnosis Moe is- | Palmi- | Palmi- | Stearic | Oleic |Linoleic| C20F 

Solon et Cyncide Poroning 1, 24 | 2616 de VA Spulaads Geel lee 4aedgui ei Meracert: 
20210 | 353 | Fatty Cirrhosis Qomisoa ie tee seo | Sloe eee 
20909 | 5@ | Cyclic Vomiting 25 | wauieigiee| warn lh a6 9.0 | trace 
: Mean EO eRe | 13:91, 2.0 =| 4025) 910 eee 

a Control 

21158 | 18d Infdahe patio Aneurism | 06 | 3911 29 | 91 | 252 | 199 3.1 
Boei0|, 62a. | MiwelIasticiency |. u7 | ope |= chGa ey \eenal woman 2.7 
Hiesd| o22 Gace Caner oe!) a2 34 | 14.5 | 283 | 19.3 | 27 
21124} 74a | i, date waned | 33.1 22 | 184 | 203 | 186 6.6 
20911 ) 482 | Aortic Inga aeeey ; 33 | 33:6 4.4 20.1 | 21.4 18.8 trace 
21136 ALS) Bucephalompelitis | 02 BOs , 3.6 ie | Wo 14.4 trace 
Bii7i | 845 | Chimmatyel. Leukemia’ O50 | aa ean Let ee ee 
21053 362 "Trauma . E 05 | 652) e@20 128.1, 6004) dala 
i Meany ee ee ee 39 | ii | ego | 178 | 28 
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TABun IT 


Fatty Acid Composition of Cholesterol Ester in the Liver, 
Expressed as Percentages of the Total 
(1) Cholesterol Ester 


Fatty Liver In percentages of total 
Reacar SE Dinca: oul! Miyrit~ rane Palo Stearic | Oleic |Linoleic| C20F 
20193 | 534 Cyanide Poisoning 2.9 29,2 it 11.0 . 7.0 f 25.0 13.2 IN) 
20210 362 : Fatty Cirrhosis ; “FA 28.2 21.8 0.6 : 26.6 12:3 teaee 
90809 | ©4@ |-Gyelic Vomiting 25 | 29.4 | 13.8 Sa MiG" <90 | ceewas 
eee ; 4.0 28.9 i" ise Oho 31.1. ie Ins 

Control 
21124 | 742 | Gas Caer | | Korl ste | )-53 | 14.2 ie sue | 12 | sae 
20910. 62S | Mitral Insufficiency trace 26.6 | 6.7 | trace 50.0 16.7 trace 
21053 | 368 Trauma : ; ij 1.3 | 18.1 | 5.8 si 5.8 41.8 | 19.3 Med 
Neen ee IT hie | Some B 5.9 | 66 | se) 161 we 
Tasie III 


The Faity Acid Compoition of the Neutral Fat Fraction of the Liver, 
Expressed as Percentages of the Total 
(2) Neutral Fat 


Fatty Liver In percentages of total 
‘Age Sex | Diagnosis | ae sce hoes Bee Oleic Linoleic C20F 
20193 | 338 | Cpaaadc Poisoning [ie 33a! 13.0 230% We 935.3 4 28.0 0 
20210 368 | Fatty Cirrhosis | os | 29% | a145 : 322 36.7 2 1) | 0 
20909 | NS Gyo Vomiting i a 29.6 : Ne) 2.1 43.9 79 | 0 
; . v4 Mean + = 5.0 30.7 14.5. 27 | 38.6 | 8.1 ih 0 ’ 
“¢ Se eal Fi oe a * Contel, ae oo Oo re 
21124 | 748 | Gastric Coren [1.0 | s9.1~| 3.8 | 10.5 | 30.5 | 15.1 bo 
20910 eg Viena |. 01 170 52 | ase | 39.9 | 182 | 5.2 
21053 | 368 Caer Eh MS 7S. | 24 oy eg 10.3 3.9 | 37.3 | 14.3 : Tha 
ee BO ciety Sie ies ee, ky 


acid. In fatty liver, on the other hand, there _ esterified fatty acid was so small as compared 
was a definite increase of palmitoleic acid with that of glyceride that no attempt was 
and some decrease of linoleic acid (Table undertaken to separate the two fractions. 
II). The fatty acid pattern obtained on this frac- 

The Neutral Fat Fraction—In both fatty tion may presumably be taken as that of 
liver and the control the amount of non-  glyceride (Table III). 
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TABLE IV 


The Fatty Acid Composition of 


Phospholipid Fraction of the Liver, 


Expressed as Percentages of the Total 


(3) Phospholipid 


Fatty Liver In percentages of total 
“hae Sex) ingons SQ [FARE | PAIR Tecre | Oli [tinateie] CaOP 
y0193 | 583 | Cyanide Poisoning 10° | 374 | 50 | 172) | 2227) ripe zy 
20210 363 | Fatty Cirthosis 21 | 341 7.6 | 10.9 | 30.5 | 145 | trace 
20909 | “52°| Cyclic Vomiting i Oe) 267 | "6.1 Shot nlf se2.cey) age ey 
ae | ong | sa%,| 62 | 166 | 25a). 135 1 a8 
: Control 

ais | 748 Gastric Cancer | o7 | 372 | 1.2 | 19.3 64 | 15.6 8.9 
20910 62 | Mitral Insufficiency race | 3210) —~1.7 | 26.5 | aa | 19.6 | ae 
91053 | 364 | Trauma i iimeseet| | 38.9 | 62 250° Meogen doe sence 
; Puan | 02 | 342 | 30 | 236 | i eeiew| hae 


In this fraction the most abundant fatty 
acid was oleic acid in both fatty liver and 
control. In fatty liver there were twice as 
much palmitoleic acid and half as much 
linoleic acid as in the control. There were 
also noted an increase of myristic acid in 
fatty liver. The precentage of stearic acid 
was also decreased. 

Phospholifid Fraction—The phospholipid 
fraction was characterized by the most 
abundant presence of palmitic acid and much 
higher percentage of stearic acid than in 
other lipid fractions. With regard to the 
fatty acid compositions, myristic, palmitoleic 
and oleic acid were increased in fatty liver 
as compared with the control. On the con- 
trary, stearic and linoleic acid were decreased 
in fatty liver (Table IV). 

Summarizing these results it can be con- 
cluded that in fatty liver there are increase 
in the percentages of palmitoleic, oleic and 
myristic acid and decrease in the percentages 
of stearic and linoleic acid in all the three 
lipid fractions. 

However it should be noted that these 
changes in the fatty acid patterns of three 
lipid fractions in fatty liver are not so strik- 
ing as the changes in total fatty acid (Figs. 


1, 2). While fatty acid composition of the 
control liver resembles that of their phos- 
pholipid fractions, the fatty acid patterns of 
the fatty liver simulates that of either 
cholesterol ester or neutral fat fraction. This 


Fic. 1. Gas-chromatographic pattern of the 
total fatty acid in the control liver (Case No. 
21124); (1) myristic, (2) palmitic, (3) palmitoleic, 
(4) stearic, (5) oleic, (6) linoleic, (7) arachidic, 
(8) C20 unsaturated acid. 


would indicate that the major lipid fraction 
of the fatty liver consists of either cholesterol 
ester or neutral fat. Quantitation of the 
absolute amount of the fatty acid in these 
fractions is therefore required. 


Fatty acid of Human Fatty Liver 


TABLE V 


The Amount of the Individual Fatty Acid in the Liver 


In mg./100 g. fresh liver tissue. 


Fatty Liver 


Age Sex | 


Diagnosis 


Total Fat- 


i Palmi- 


Palmi- 


Stearic 
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| Ane fist Mristic | “tic | toleic | 5! | Oleic Linoleic C20F 
20210 | 36 | Fatty Cirrhosis | 309x102) 1930 | 9460 | 4220 500 | 11520 | 3290 | trace 
20809 | 59 | Cyclic Vomiting | 228x10:| 560 | 6720 | 3160 | 840 | 9480 | 2080 | trace 

Control 

| ~ [Intrahepatic | oon, ie A EF ERE Ni PANTO iy Osi 
21158 | 183 es 8800 48 3360 274 825 | 2245 | 1810 | 242 

| - 4 = | Fi re | _ 
20910 | 623 Mitral Insufficiency 3320 56 768 | 155 465 1063 796 ~=—-19 
ae é “ | =| aes 

21080 628 | Gastric Concer 3540 20 1105 >| _ 220 512 1000 | 683 96 
20911 | 743 Aortic Insufficiency 1420 19 476 67 286 305 266 | trace 

i 

Gir Myel. : ‘ i ee a | es ra 

91171 | 483 ies 1380 6 472 21 | 362 | 238 21269 
21053. 363 | Trauma 2650 11 935 218 | 339 800 350 trace 
Mean | 3520 27 1186 143 | 465 942 686 71 


The Absolute Amount of Individual Fatty 
Acid in the Liver 


Total Lifid—There was a_remarkeble 
increase of total fatty acid in fatty liver 


laey, As 


The gas-chromatographic pattern of 
the total fatty acid in the fatty liver (case No. 
20210); (1) myristic, (2) myristoleic, (3) palmitic, 
(4) palmitoleic, (5) stearic, (6) oleic, (7) linoleic, 
(8) arachidic acid. 


(about eight times as much as in the control). 
All the individual fatty acid except stearic 
acid showed definite increase. Interestingly 
linoleic acid increased to about four times as 


much as that of control (Table V). 

Cholesterol Ester Fraction—In a case of 
fatty cirrhosis a remarkable increase of the 
total fatty acid in this fraction was noted. 
Linoleic acid was also increased. In another 
case of fatty liver there was a slight increase 
of fatty acid as compared with the control 
(Table VI). 

Phospholipid Fraction—An increase of all 
the fatty acid including linoleic acid was 
observed in fatty liver. 

Neutral Fat Fraction—The most _pro- 
nounced increase of all the fatty acids was 
found in this fraction and linoleic acid was 
not an exception. 

These results clearly demonstrate that 
the change of fatty acid pattern of the total 
lipid in fatty liver is secondary to the rela- 
tive increase of neutral fat fraction. 


The Fatty Acid Composition of the 
Adipose Tissue 
The fatty acid pattern of the mesente- 
rial adipose tissue was also characteristic 
(Fig. 3, Table VII). The highest percentage 
was found in the oleic acid fraction and the 
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TasBLeE VI 


The Amount of the Individual Fatty Acid in the Three Major 
Lipid Fractions of the Liver 


Cholesterol Ester In mg. per 100g. of liver 


a | eaminainiion’s oS pens | Palm Stearic Oleic Linoleic C20F 
20210 | Fatty Cirrhosis rato <b 126{ 500 | 306 | 1 | 471 | 219 | trace 
20909 | Glew omiting 80 0 3 | er & hecoe Ueloeee | ie 
4 Control . | iil race 2 alee il 4 Pe 1 
7 Phospholipid 
20210 Bae Gusto : 2510 - 54 857 192 | 276 167 367 0 
20909 Cyclic Vomiting : 1060 ey 283 65 230 240 144 91 
a Control 693 trace 230 43 i 173 140 107 trace 
: ; Neutral Fat gy, 
20210 ae Gnee 967 x 102 | 1750 8093 3642 3 205 | 10282 2704 Cian 
20909 Cyclic Vomiting 232 x 102 563 6860 3300 488 ‘ 10170 1840 0 
; Control 1867 is 45 585 193 59 696 267 22. 
Taste VII 
The Fatty Acid Composition of Adipose Tissue, Expressed 
as Percentage of the Total 
Control In percentages of total 
ieee | Age ce = Diaenoss pine NaS canes Fane | Stearic Oleic | Linoleic C20F 
; 21136 | AS Encentalomyclits 4,4 29.4 tes) | 1.6 | 42:8 Pe) 0 
20910 628 _ Mitral Insufficiency 4.9 25.4 9.8 | Pei | ADA 13:9 Ge 
20911 | 483 | Aortic Insufficiency : Be? 252, 5.8 | 3.4 41.8 22.6 0 
21291 | 702 Gancen of G. Bladder “18 22.8 6.7 | 1.8 48.6 16.5 1.8 
~ ‘Mean Sree get | s058 7.6 24 | 438 | 165 | 08 
ae Liver Patient 7 
20909 | 52 | Cyclic Vomiting | gal | 34.4 | 10.1 | Sal 43.9 | 3.8 | 1.6 


lowest in the stearic acid. There seems to 
be a slight difference in fatty acid pattern 
of the adipose tissue between cases of fatty 
liver and control. 

In control cases some difference was 
observed in the fatty acid pattern of the 


neutral fat between liver and mesenteric 
adipose tissue. The percentage of stearic 
acid tended to be higher in the liver. On the 
other hand, only minor difference was found 
in fatty acid composition of neutral fat frac- 
tion between fatty liver tissue and adipose 


Fatty acid of Human Fatty Liver 


tissue. This result would be quite interest- 
ing in view of the mechanism of fatty liver 
development. 


Erasaos) lhe 


fatty 
mesenterial adipose tissue of a case of fatty liver; 
(1) solvent, (2) myristic acid, (3) palmitic acid, 
(4) palmitoleic acid, (5) stearic acid, (6) oleic 
acid, (7) linoleic acid, (8) C20 unsaturated acid. 


acid pattern of the 


DISCUSSION 


The fatty acid pattern of the total lipid 
of control liver was quite similar to that of 
the phospholipid fraction, indicating the phos- 
pholipid to be the main fraction in the cont- 
rol liver. On the other hand the fatty acid 
pattern of the total lipid in the fatty liver 
was very close to those of the cholesterol 
ester and neutral fat fraction. The actual 
determinations of the total fatty acid in 
cholesterol ester, neutral fat and phospholipid 
fractions demonstrated that the most abun- 
dant lipid fraction was neutral fat fraction 
in fatty liver, thus proving that the fatty 
acid pattern of the fatty liver was actually 
representing that of the enormously increased 
neutral fat. This conclusion is in good agre- 
ement with the results of the determination 
of neutral fat in the human fatty liver (7). 

As regard the origin of this accumulated 
fat in the liver there are still controversy of 
opinions. While many workers believe in the 
extrahepatic origin, some insist on the synthe- 
sis in situ. In this respect it is noteworthy 
that there is a definite increase of linoleic 
acid in fatty liver. There are ample evi- 
dences that linoleic acid is not appreciably 
synthesized in human tissue. Lipsky é al. 
(8) found only slight radioactivity in the lino- 


719 


leic acid fraction of the human plasma lipids 
after injection of C'#-acetate. Recently James 
et al. (9) found C**-activity in linoleic acid 
fraction of red blood cells incubated with C'4- 
acetate zm vitro. However, since the radioac- 
tivity found by these workers apparently is not 
so high as observed in other fatty acid frac- 
tions, the possibility of artefact cannot be 
entirely excluded. More recently Fulco and 
Mead (0) suggested an alternative explana- 
tion. Basing on the opinion that linoleic acid 
is not synthesized in human body, the present 
result showing a definite increase of linoleic 
acid in fatty liver should be interpreted as 
indicating that there were inflow of linoleic 
acid into the liver during the development 
of fatty liver. Since the transport of linoleic 
acid alone without being accompanied by 
other fatty acid moiety has never been report- 
ed, other fatty acids must have entered the 
liver simultaneously. Although the origin of 
these fatty acid is obscure at present it is 
quite probable that they were transported 
from the adipose tissue because of the close 
similarity of the fatty acid patterns between 
the neutral fat fractions of the liver and the 
adipose tissue. 

In non-fatty liver the fatty acid pattern 
of the neutral fat fraction of the liver differs 
from that of the adipose tissue, showing the 
higher percentage of stearic acid. One might 
well consider that the fatty acid pattern of 
neutral fat fraction becomes quite similar to 
that of adipose tissue presumably asa con- 
sequence of the import of a large amount of 
neutral fat into the liver from adipose tissue 
and its insufficient disposal by liver cells. 


SUMMARY 


1. The fatty acid compositions of fatty 
liver, control liver, and adipose tissue were 
analyzed by gas-chromatography. 

2. The fatty acid pattern of total lipids 
in fatty liver simulates that of the neutral 
fat fraction, thus indicating the major lipid 
fraction to be neutral fat. 

3. There were four fold increase of lino- 
leic acid content in fatty liver. 

4. A close similarity of fatty acid patterns 
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were found betwen the neutral fat fractions 
of the liver and the adipose tissue in the case 


of fatty liver. 


From these results an extra- 


hepatic origin of the neutral fat within fatty 
liver are suggested. 


Thanks are due to Prof. Dr. 


Se Ollsinakan tor 


his constant encouragement of this work. 
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The conversion of prothrombin into 
thrombin is one of the most important reac- 
tions included in a complicated mechanism 
of blood coagulation, and, as a model of 
conversion from “zymogen” into enzyme, it 
would be the most interesting one, of which 
much yet remains to be done in comparison 
with detailed studies on the conversion of 
proteases by Neurath et al. (1). 

As the pioneer in this field, Seegers 
and his school first purified bovine prothrom- 
bin (2) in homogeneous state through ultra- 
centrifugation and their studies concerning 
the conversion of prothrombin into thrombin 
indicated the presence of a similar autocata- 
lytic mechanism, both in non-physiological 
and physiological activation as in the protease 
activation. Therefore the theory presented 
by Seegers (3) seems to be inconsistent with 
the classical theory of blood coagulation and 
even to the modern concepts of the blood 
thromboplastin generation test by Biggs and 
MacFarlene (#4). Recently, Alexander 
(5) purified prothrombin in another way and, 
though his sample was not so homogenous, 
proconvertin content in prothrombin sample 
was very poor and showed a striking two-stage 
unreactivity to thromboplastin, Ac-globulin 


Following abbreviations were used; DEAE for 
diethylaminoethyl. TAMe for  tosylarginine-methyl- 
ester. CTN for carbobenzoxy-tyrosinyl-p-nitrophenol. 
Ac-globulin for factor V. Proconvertin for factor VII 
SPCA (Serum prothrombin conversion 
PTC (Plasma 
thromboplastin component) or Christmas factor for 
factor IX. 


in plasma. 
accelerator) for factor VII in serum. 


and calcium. In this meaning, Seegers’ 
sample would be more contaminated with 
other clotting factors, because his sample has 
some reactivity to thromboplastin and 
calcium. 

Further purification of Seegers’ pro- 
thrombin was carried out by Miller (6) 
using the ion exchanger, Amberlite IR-50, 
column chromatography. Though Seegers’ 
preparation of prothrombin seemed to be 
uniform on test with ultracentrifuge analysis 
and its specific activity on the chromatogram 
was found to be the same as before, some 
impurity of the sample was found in the 
chromatographic pattern. 

However, chromatography of proteins by 
means of synthetic resins presents a certain 
difficulty. Recently, Peterson and Sober 
(7) introduced cellulose ion exchangers with 
the aim of overcoming these difficulties. The 
authors made efforts for further purification 
of bovine prothrombin prepared according to 
the method of Seegers and also of thrombin 
converted from purified prothrombin in diffe- 
rent activation state, by means of cellulose 
ion exchangers (8-10). 

In the presented series of work, appro- 
priate conditions for DEAE-cellulose chro- 
matography of prothrombin were determined 
and this method was found to be available 
for the study on purification process, includ- 
ing thrombin. A prothrombin derivative or 
a presumable intermediate protein between 
prothrombin and thrombin was isolated by 
this method from the prothrombin samples. 
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EXPERIMENTAL MATERIALS AND METHODS 


Prothrombin—Bovine prothrombin was purified ac- 
cording to the method of Ware and Seegers (2). 
The total activity yield and specific activity during 
the purification process are shown in Table I. The 
original process concerning fractionation with ammo- 
nium sulfate was partially modified to 45-66% satura- 
tion. 


TABLE I 


Yield of Prothrombin Units and Specific Activity during 
the Purification Procedure (Bovine plasma, 3 liters) 


Total units 
in NIH unit} Specific activity 
(IOWA unit) 
Precipitate of diluted| 2.7105 
piasmoral pS A=52 | G10) | eee 
Decomposition of Mg 1.5>< 105 
(OH), cream by CO, 3.45105 488(1,122)/mg. N 
gas (3.4 10°) 
monium sulfate (0.45. | (09% 210° 2,928(6,734)/mg. 
0.66%) (1.1105) Tyrosine 
Inoclectrie precip. at| 2X10 8,750(22,125)/mg. 
pH 4.6 (7.0 x 104) Tyrosine 


Determination of Prothrombin Units—a) Modified 
Brinkhous’ two-stage method (//): The use of 
acacia gum in the original method was substituted 
with 0.02 M calcium chloride solution. 
substrate, bovine fibrinogen was purified according to 
the method of Ware, Guest, and Seegers (/2), 
and its clottability was between 90 and 95 per cent. 
Rabbit brain thromboplastin prepared according to 
the method of Quick (/3) and partially purified 
bovine lung thromboplastin according to the method 
of Chargaff et al. (14) were used as tissue throm- 
boplastin. Standardization of unit was performed by 
means of Thrombin (Park Davis) in NIH unit, which 
was found to have a single peak of activity in DEAE- 
cellulose chromatography and equivalent to TAMe 
units of Sherry and Troll (/5). 

b) The two-stage method of Ware and Seegers 
(16): The activated thrombin unit was calculated from 
the Table indicating the relationship between clotting 
time and correlation factors (IOWA unit). 

Determination of Thrombin Units—Clotting units was 
determined similar as in prothrombin. 


For use as a 


Determination 
of TAMe hydrolyzing unit was carried out according 


to the method of Sherry and Troll (/5). The 
hydrolyzing activity of thrombin for CTN was deter- 
mined by an improved method (/9), which was 
modified from Axelrod e¢ al. (17, 18). 

DEAE-Cellulose . Chromatography —DEAE-cellulose 
was prepared from cellulose powder (Toyo Roshi) 
according to the method of Peterson and Sober 
(7), whose nitrogen equivalent per milligram was 
between 1.0 and 0.6. The size of column was about 
18x150mm. Gradient method was used at a low 
temperature for the chromatography and the volume 
of a mixture was usually 200 ml. being changed in 
proportion to protein content. 


EXPERIMENTAL RESULTS 


Preliminary Batch Test for Chromatography— 
For the batch test, crude prothrombin was 
used, which was prepared omitting the final 
isoelectric precipitation according to the 
method of Ware and Seegers. As shown 
in Fig. 1, the result of batch test on a small 
scale indicates the relationship of dissociation 
between DEAE-cellulose and prothrombin in 
varing pH and salt concentrations. 


SUPERNATANT PROTEIN (%) 


0.10 0.20 
CONCENTRATION OF NaCl (MM) 


Fic. 1. Dissociation between DEAE-cellulose 
and prothrombin preparation. 


DEAE-Céllulose Chromatography of Prothrom- 
bin—The result of preliminary tests indicated 
that the adsorption of prothrombin on the 
column would be effected in 0.0051 
phosphate buffer (pH 7.0) and that elution 
of prothrombin would be carried out in 0.05 M 


phosphate buffer (pH 5.4)—0.4M _ sodium 
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chloride in the use of gradient method. Fig. 2 
indicates that these presumed conditions were 
suitable for the gradient method because per- 
centage recovery of prothrombin activity was 
about 100 per cent. 


ei 
E 4500 
fe} 
o 
iS v 
_ D 
io} Oo 
~~ a = 
> D 
ke ° 
5 5 
2 SOO) 
a 2 
Cc 
< ul 2. 
° x 
rei = 
a — 
5 as 
+100 
120 240 360 480 
EFFLUENT (mi.) 
Fic. 2. DEAE-cellulose chromatography ot 
crude prothrombin. 
Prothrombin (fractionation with ammonium 
sulfate) containing 50,000 NIH units (115,000 
IOWA units) was adsorbed to the column of 


DEAE-cellulose (20 mm. x 200 mm.).at pH 7.0 using 
0.005M phosphate buffer. Gradient elution method 
was employed with 0.05M phosphate buffer (pH 
5.4). Constant volume mixture was 200 ml. 
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Fic. 3. DEAE-cellulose chromatography of 
purified prothrombin. Prothrombin (final step) 
containing 30,000 NIH units (70,000 IOWA units) 


and no thrombin was chromatographed by the con- 
ditions same as in Fig. 2. 
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As shown in Fig. 3, purified prothrombin 
in the final step still contains a considerable 


amount of non-prothrombin protein. The 
main fraction of activity was collected, 
dialyzed, and then lyophilized. However, 
specific activity of this DEAE-cellulose-treated 
prothrombin was 5680 units/mg. tyrosine, 
showing partial lowering of the activity, 


which is presumably due to long dialysis. 
This DEAE-cellulose-treated prothrombin 

behaved as a single protein when tested by 

ultracentrifuge analysis (Fig. 4) and paper 


Fic. 4. 


Ultracentrifuge analysis DEAE- 
cellulore-treated prothiombin 1% phosphate solu- 
Hone pEa/.Ol— Onl e59-/ 30h penn: 


Time interval, 
16 minutes. 


electrophoresis (Fig. 5). Rechromatography 
of this sample by DEAE-cellulose, however, 


Human normal serum 


Bovine plasma 


Fic. 5. Paper electrophoresis of DEAE-cel- 
lulose-treated prothrombin. 


indicated the presence of a trace of non- 
prothrombin protein (Fig. 6). 
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Fic. 6. Rechromatography of DEAE-cellu- 


lose-treated prothrombin mixture (volume, 100ml.). 


The Reactivity of DEAE-Cellulose-treated 
Prothrombin to Calcium and Tissue Thromboplastin 
System—S ee gers’ preparation of prothrombin 
still contained a small amount of Ac-globulin 
(3) and, concerning the presence of procon- 
vertin (plasma factor VII or plasma type of 
SPCA) Seegers postulated that “auto pro- 
thrombin-I” coming from prothrombin during 
the autocatalytic activation would have a 
similar effect as factor VII, and the activity 
of factor VII would be due to a prothrombin 
derivative. According to Alexander, plasma 
filtered through a Seitz filter contains a 
smaller amount of proconvertin than the 
decreased content of prothrombin (4) and, 
therefore, Alexander’s prothrombin must 
have striking unreactivity. 

As shown in Fig. 7, DEAE-cellulose- 
treated prothrombin still retained slight re- 
activity and thrombin formation occurred 
very slowly. The addition of Ac-globulin 
obviously accelerated the rate of thrombin 
formation, while addition of SPCA had no 
effect on the rate of thrombin formation. 
Consequently, this chromatographic procedure 
would be effective against the contamination 
of Ac-globulin, but the nature of prothrombin 
remains unchanged concerning the procon- 
vertin or factor VII. 

Isolation of a Prothrombin Derivative—During 
these series of chromatographic observation, 
an interesting derivative of prothrombin was 
found. As shown in Fig. 8, prothrombin 


sample was contaminated with a trace of 
thrombin, presumably activated slowly during 


Ac-Globulin 


Ww 
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100 


TIME (minutes) ( 28°C) 

Fic. 7. Activation of DEAE-cellulose-treated 
prothrombin in calcium and tissue thromboplastin 
system. 

The reaction system was similar to that in 
method. DEAE-cellulose-treated 
activated very 


the two-stage 
prothrombin was slowly with 
After 30 minutes, 


a small amount of plasma Ac-globulin or serum 


calcium and thromboplastin. 


prothrombin conversion accelerator (SPCA) was 
added to the mixture. Plasma Ac-globulin was 
a crude sample, which was used in the two-stage 
method accorning to the method of Brinkhous. 
SPCA was purified according to the method of 


Alexander. 
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purified prothrombin containing a trace of throm- 
bin. 


DEAE-cellulose chromatography of 


Prothrombin, 30,000 NIH units (70,000 IOWA 


units) and thrombin ; 
graphy. 


30 units before chromato- 
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the fractionation with ammonium sulfate, a 
fairly sharp peak of protein having no_pro- 
thrombin activity and also no thrombin 
activity appeared in front of the prothrombin 
peak and located between thrombin and 
prothrombion. 


TasLeE II 
Conversion of Prothrombin Derivative into Thrombin 


The sample isolated from the chromatogram 
shown in Fig. 8 was dialyzed and then lyophylized. 


Sample activated by Thrombin produced 


25% sodium citrate |- 


solution | 0 hour after 10 hours 
| 

1% Derivative DO males 2,020) Wi foal. 

1% Prothrombin | 50 U/ml. 5,080 U/ml. 


50 U/ml. thrombin was added as a catalyst. 


This fraction was not activated by 
calcium and thromboplastin system, but was 
easily converted into thrombin by the addition 
of a catalytic amount of thrombin in 25% 
citrate solution. The specific activity of the 
thrombin formed was about one-half of that 
of prothrombin. 

Moreover, Fig. 9 indicates an intereseting 
pattern of chromatography, which suggests 
a mode of degradation process of prothrom- 
bin molecule in the autocatalytic activation. 
This sample contained 50,000 units of pro- 
thrombin before chromatography, decreased 
its prothrombin content to only 300 units 
after the chromatography, while the thrombin 
content increased from 300 to 500 units. It 
was found that the second-eluted protein peak 
had a nature similar to that of prothrombin 
derivative shown in Fig. 8. 

Application of DEAE-Cellulose Chromatogra- 
phy of Prothrombin to the Analysis of Physiological 
Activation—DEAE-cellulose chromatography of 
prothrombin has been proved to be suitable 
not only for prothrombin, but for activated 
thrombin as shown in Figs. 8 and 9. Both 
the thrombin chromatography introduced by 
Rassmussen (20) and prothrombin chro- 
matography by Miller (6) could not eluate 
each activity in a single chromatography, and 
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the simultaneous chromatography for both 


prothrombin and thrombin would be the 
characteristic of DEAE-cellulose. 


3.0} ( {\ 


2 Thrombin 
Prothrombin 


Derivative of prothrombin 


BN 


OPTICAL DENSITY (at 280 mp ) 


(1M /}1UN ) NIGWOMELL ‘ NIGWOYH.LONd 


360 480 


EFFLUENT (ml.) 

Fic. 9. DEAE-cellulose chromatography of 
prothrombin containing considerable amount of 
thrombin. 

Before chromotography: Prothrombin about 
50,000 NIH units (115,000 IOWA units) and 
thrombin 300 units. After the chromatography, 
there were found about 5,000 units of thrombin 
and 300 units of prothrombin. The second peak 
of protein was easily converted to thrombin in 
25% sodium citrate solution, while the first peak 
was unchanged by the same condition. 


Application of this technique to the study 
on the mechanism of physiological activation 
was attempted. As shown in Table III, 
purified prothrombin according to Ware 
and Seegers was activated by the addition 
of calcium and bovine lung thromboplastin, 
which was quantitatively centrifuged down 
by an ultracentrifuge after activation process. 
Table III also shows simultaneously three 
different activities of thrombin concerning 
fibrinogen, TAMe, and CTN during the 
physiological activation of prothrombin. After 
centrifuging down lung thromboplastin at 
40,000 r.p.m. for 25 minutes, clear solution 
was dialyzed in the cold and submitted to 
DEAE-cellulose chromatography. Fig. 10 
showes its chromatographic pattern, in which 
trace activity of prothrombin was detectable 
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and only thrombin activity was indicated as 
a single peak of activity. Remarkable changes 


TaBLeE III 


Activation of Prothrombin by Calcium Bovine 
Lung Thromboplastin 
Reaction system: Total volume 15.0 ml. ; which 
contained 9.0ml. of 1.5% prothrombin (Ware, 
Seegers), 3.0 ml. of 0.054 imidazole buffer (pH 7.2), 
0.3ml. of bovine lung thromboplastin suspension, 
2.1ml. of 0.85% NaCl, and 0.6 ml. of 0.1M CaCl, 


ee | Clones | Unit | CIN Unit 
5 304 304 | 170 
15 g5°- |" | yeee |) o08 
25 Ht, 260° ger ae CON 336 
35 eo 4o a6s0" | 673 
45 1,890 1,980 | 720 
| 2,205 | — 


60 | 
‘The mixture was centrifuged at 40,000r.p.m., 
and dialyzed against 0.005M phosphate buffer (pH 
7.0) for 12 hours. The chromatographic pattern 
of this sample is shown in Fig. 10. 


1,980 


were found in the protein peak in comparison 
with the above described patterns of DEAE- 
cellulose chromatography. 
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Fig. 10. DEAE-cellulose chromatography of 
prothrombin after activation by calcium and lung 
thromboplastin. 

-—---— Clotting Unit (NIH), 

—+— TAMe Unit (Sherry). 


Further research by this means is now in 
progress. 


DISCUSSION 


In the chromatographic purification of 
prothrombin, a problem which consistently 
arises is the possibility of separating pro- 
thrombin from the coagulation factors, namely 
proconvertin and PTC (Christmas Factor), etc., 
which are known to have a similar behavior 
in their adsorption to the inorganic precipitate, 
barium sulfate, magnesium hydroxide, and 
aluminium hydroxide. 

The results obtained by the present 
authors suggested that even chromatographic 
procedure with DEAE-cellulose could not 
separate prothrombin from factor VII or 
proconvertin. Presumably these adsorptive 
clotting factors would be very similar in 
molecular weight and protein structure to 
prothrombin molecule. 

The DEAE-cellulose-treated prothrombin 
was examined in detail concerning its chemical 
composition, protein structure, and physico- 
chemical properties. These data will be soon 
published. 

A problem concerning the isolation of a 
prothrombin derivative has been presented. 
The concept of prothrombin derivative was 
first introduced by Seegers, e al. (3) while 
studying the disapearance of prothrombin 
activity and the increased thrombin activity 
at the initial stage of citrate activation, because 
during the first one hour, larger part of pro- 
thrombin activity is lost and no corresponding 
units of thrombin are detectable. They there- 
fore concluded that the lost prothrombin 
would be presumably converted into a pro- 
thrombin derivative, which would be insensi- 
tive to the thromboplastin calcium system, 
namely, the two-stage reagent, and retained 
the properties as the precurcer of thrombin. 
In this meaning, the concept of prothrombin 
derivative is a hypothetical protein, mainly 
discussing the difference of the total sum of 
prothrombin units disapeared and thrombin 
units newly activated. 

The prothrombin derivative isolated in 
the present work was insensitive to the two- 
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stage reagent and easily converted into 
thrombin by autocatalytic activation in citrate 
solution. These properties seem to be similar 
to a hypothetical prothrombin derivative, but, 
its further identification must be carried out 
in detail. It seems rather interesting that the 
location of the prothrombin derivative was 
midway between the prothrombin peak and 
thrombin peak on the chromatographic pat- 
tern, and the electrophoretic behavior during 
the citrate activation was just the same as 
that of prothrombin (unpublished data). 

The application of DEAE-cellulose chro- 
matography suggests that further research in 
the conversion process of prothrombin by 
means of this chromatography would promis- 
ing in this field, because in the simultaneous 
elution by a single chromatography, prothrom- 
bin, thrombin, and even a prothrombin de- 
rivative, as well as other similar proteins 
would be isolated separately. 


SUMMARY 


1. After the batch test, chromatography 
with DEAE-cellulose was carried out as fol- 
lows. Prothrombin purified according to the 
method of Ware and Seegers was adsorbed 
on the column with 0.005 Mf phosphate buffer 
(pH 7.0) and eluted with 0.03M phosphate 
buffer (pH _ 5.4)-0.4M sodium chloride by the 
gradient method. 

2. Some properties of DEAE-cellulose- 
treated prothrombin were discussed. 

3. In the chromatographic pattern of 
purified prothrombin contaminated with a 
trace of thrombin, it was found that a sharp 
protein peak having neither prothrombin nor 
thrombin unit was a prothrombin derivative, 
which easily converted into thrombin by 
autocatalytic activation in a citrate solution. 

4. DEAE-cellulose chromatography was 
applied to the study of the conversion mech- 


anism by physiological activation of prothrom- 
bin into thrombin. 
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Malonate was a poor inhibitor of endo- 
genous respiration of human placental slices 
and decreased the oxygen consumption below 
the level of endogenous respiration when 
glucose was added as a substrate. In a pre- 
vious paper, it was reported that malonate 
could exert a regulatory effect on glucose 
metabolism in human placental slices and in 
addition malonate, itself, was metabolized 
(2). Further investigations concerning this 
phenomenon were carried out. In the pre- 
sent paper the additions of 17 §-estradiol, 
adenosine triphosphate, diphosphopyridine 
nucleotide and sodium bicarbonate to placental 
slices in the presence of glucose and malonate 
were investigated. The effect of these sub- 
stances on the metabolic rate are reported 
using uniformly labeled glucose and malonate- 
2-C'4, 


METHODS 


The tissue slice and homogenate of human pla- 
centas (gestational age 13-20 weeks) were obtained 
according to the method in our previous report (2). 

In the tissue slice experiments, free hand slices of 
young placenta weighing about 200mg. were placed 
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** Uniformly labeled glucose-C!4 and calcium 
malonate-2-C!* were purchased from Daiichi Chemical 
Company, Tokyo. Calcium malonate-2-C!* was con- 
verted to potassium malonate-2-C!* by using an ion 
exchange resin. 


in conventional Warburg vessels in 3.0 ml. of a medium 
containing, per milliliter, 40 wmoles K+, 80 moles 
Nat, 10 umoles Mg++, 100 ymoles Cl-, and 40 pmoles 
of phosphate, with an initial pH of 6.9. The medium 
contained the C!4-labeled substrate*** ; uniformly labeled 
glucose or/and potassium malonate-2-C!*. The solution 
containing the C'4-labeled substrate was placed in the 
side arm of the Warburg flask and tipped into the 
main reaction chamber after the vessels were gassed 
with oxygen for 7 minutes. In the incubation medium, 
the final concentration of glucose was 10 vmoles per 
ml. and malonate was 15 moles per ml. (about 7X 
103 c.p.m. per vmole for each substrate). 

After one hour incubation at 37°C the slices of 
tissue were removed, blotted dry on filter paper, and 
weighed. The extraction of total lipids from slices 
for C4 analysis was carried out by the method of 
Folch e¢ al. (3) and the isolation of glycogen from 
slices by the method of Villee et al. (4). The res- 
piratory carbon dioxide was trapped in alkali placed 
in the center well (0.2ml. of 5% carbonate-free solu- 
tion of sodium hydroxide), and converted to barium 
carbonate for C'* analysis by the method of Villee 
et al, (4). 
a windowless, proportional flow counter. 

In the homogenate experiments erch vessel con- 


Analysis for content of C!4 was made with 


tained 3.0 ml. of the same reaction mixture as report- 
The medium contained glucose, 
succinate or malonate as substrate. The final con- 
centration of glucose and succinate was 10 ~moles per 


ed previously (2). 


ml. and malonate was 15 moles per ml., unless stated 
to be otherwise. In those experiment in which uni- 
formly labeled glucose and potassium malonate-2-C'4 
were used, the respiratory carbon dioxide was analysed 
by the same method as in the tissue slice experiment. 

In all experiments, 17 f-estradiol in the form of 
an aqueous suspension was added to give a final con- 
centration of 4x 10-°M and sodium bicarbonate (pH 
6.9 (checked by diluted HCl)) 10 moles was added 
in 3.0ml. of reaction mixture. 
experiment adenosine triphosphate (ATP) was added, 
Spmoles, and diphosphopyridine nucleotide (DPN), 
was added, 1.5 wmoles in 3.0ml. of a medium. 


In the tissue slice 
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RESULTS 


Oxygen Consumption of Tissue Slice—Oxygen 
consumption of human placental slices in the 
presence of a mixture of glucose and malo- 
nate as a substrate is shown in Table I. In 
this case, oxygen uptake is decreased to about 
three fourth of the endogenous respiration. 


TasBLeE I 
Oyxgen Consumption of Human Young Placental Slice 


ein 
No addition | 40 | 3.02+0.24 
Glucose, Malonate 40 22292-0019 
Glucose, Malonate, Estradiol) 10 | 3.29+0.32 
Glucose, Malonate, ATP | 8 | 3.50+0.28 
Glucose, Malonate, DPN Sie, 3-40220°27) 
Glucose, Malonate, NaHCO,, 6 =|: 3.08+0.22 


The values are expressed in Qo, + standard 
error of the mean. Glucose, 30 ymoles; malonate, 
45 umoles ; estradiol, final concentration 4x 10-°M; 
ATP, 5ymoles; DPN, 1.5 4moles; NaHCOs, 10 
moles. 


In previous communication we reported that 
this phenomenon indicated that malonate 
exert an inhibitory effect on the metabolism 
of glucose. A further experiments were car- 
ried out in the presence of 17 §-estradiol, 
ATP, DPN or sodium bicarbonate. The 
addition of sodium bicarbonate restored the 
oxygen consumption to endogenous levels, 
whereas ATP, DPN and estradiol resulted in 
oxygen uptake above endogenous levels. To 
elucidate this stimulation of the oxygen con- 
sumption, further experiment was carried out 
using uniformly labeled glucose and malonate- 
2-C"4, 

Carbon Dioxide Production of Tissue Slice— 
Conversion of isotopic carbon of the substrate 
to carbon dioxide in human placental slice 
is shown in Table II. Stimulation of carbon 
dioxide production by estradiol is observed 
in the tissue slice experiment. Carbon dioxide 
production from glucose-U-C* in the presence 
of malonate with estradiol is almost the same 
as glucose-U-C"* alone. This evidence indi- 


TABLE II 


Conversion of Caabon of Substrate to Carbon Dioxide 
in Human Young Placental Slice 


Deter- Glucose-U-C#4 Malonate-2-C!4 

Stoke ; Male 2 Glucose 
No a y 6 0.106 ‘0.038 0.004 | 0.005 
addition +0.013 | +0.006 | +0.001 | +0.001 
Estradiol | 9 | 0/909) 0.011 | 0.018 0.011 
ATR | 4 | 6:006. 0.008 | 30.020 | -0°007 
DPN | 4 | 401026 40.016) 0.011 | 0.011 
NaHCO; | 8 | 6:093 | +0.002| 0.001 | 0.001 


The values are expressed in pmoles per g. 
of wet weight of tissue per hourtstandard error 
of the mean. 


cates that estradiol stimulates the rate of so- 
called isocitric dehydrogenase activity as 
shown by Villee e al. (5). On the other 
hand, estradiol increased the carbon dioxide 
production from malonate-2-C'* to about 
twenty times that of the control. 

The increase in the rate of carbon dioxide 
production by ATP is observed in the case 
of malonate-2-C' used as a substrate. The 
addition of ATP may result in the stimulation 
in the rate of activation of malonate to malo- 
nyl-CoA in the first step during the course 
of malonate metabolism. 

Stimulation of carbon dioxide production 
by DPN is observed in the tissue slice experi- 
ment. The addition of DPN may stimulate 
the rate of oxidation of glucose and malonate. 

The addition of bicarbonate decreases 
the rate of carbon dioxide production as is 
observed when glucose-U-C"* is utilized as a 
substrate. 

Glycogen Synthesis in Tissue Slice—Conver- 
sions of isotopic carbon of the substrate to 
glycogen in placental slice are shown in 
Table III. Stimulation of glycogen synthesis 
by estradiol is observed in the tissue slice 
experiment. Glycogen synthesis from glucose- 
U-C" in the presence of malonate with estra- 
diol results in a 8 fold stimulation. 

The addition of ATP, DPN or bicarbo- 
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nate resulted in a decrease of glycogen syn- 
thesis from glucose-U-C"*.. Glycogen synthesis 
from glucose-U-C'* in the presence of malo- 
nate with bicarbonate isabout five times that 
of the control. 


Toei,  IUUI 


Conversion of Carbon of Substrate to Glycogen in Human 
Young Placental Slice 


Deter- 


‘Gluvoati-ox Malonate-2-C!4 


mina- Malo- 
tion age Glucose 
No addition) 6 | 0.185 0.025 0.060 0.059 
+0.035 | +0.003 | +0.008 | +0.006 
Estradiol BH | Oey? 0.218 0.121 | 0.102 
+0.025 | +0.026 } +0.009 | +0.008 
ATP 4 | 0.039 0.035 0.058 0.078 
+0.006 | +0.006 | +0.005 | +0.012 
DPN 4 {0.050 0.033 0.042 0.037 
+0.008 | +0.004 | +0.005 | +0.004 
NaHCo, 3 | 0.099 0.121 0 0 
+0.007 | +0.009 


The values are expressed in moles per g. of 
wet weight of tissue per hour + standard error 
of the mean. 


Taste IV 


Conversion of Carbon of Substrate to Lipid in Human 
Young Placental Slice 


Deter-| Glucose-U-C!4 | Malonate-2-C!4 
mina- Mal 
: alo- 
me tion Se Glucose 
No addition| 6 /| 0.090 0.019 0.018 0.014 
+0.005 | +0.002 } +0.003 | +0.002 
Estradiol 5 | 0.090 0.107 0.044 0.110 
+0.009 | +0.012 | +0.004 | +0.007 
ATP 4 |0.141 0.038 0.041 0.034 
+0.028 | +0.007 | +0.009 | +0.009 
DPN 4 | 0.078 0.005 0.036 0.004 
+0.004 | +0.002 | +0.006 | +0.001 
NaHCo, 3 10.031 0.012 0 0 
+0.004 | +0.002 


slice experiment. 

Estradiol stimulates the rate of total lipid 
synthesis from a mixture of glucose and malo- 
nate. The tolal lipid synthesis from malonate- 
2-C* is increased slightly with the addition 
of estradiol, ATP or DPN. These evidences 
indicate that malonate, adenine nucleotide 
and estradiol are activators in lipid synthesis. 
Concerning this result, Brady (6), Wakil 
(7) and Hosoya é al. (8) demonstrated that 
malonyl-CoA was an intermediate of fatty 
acid synthesis from acetate and Hosoya et 
al. (9) demonstrated that estradiol stimulated 
the fatty acid synthesis from acetate in vitro. 

Effect of Estradiol on Respiration in Homo- 
genates—Estradiol stimulates oxygen consump- 
tion, carbon dioxide production, glycogen 
synthesis and lipid synthesis in the tissue slice 
experiment. Using human placental homo- 
genate, effect of estradiol on the oxygen 
consumption in the presence of glucose and 
malonate was investigated (Table V). 

Estradiol stimulated the oxygen consump- 
tion of the homogenate without substrate or 
with glucose. Oxygen consumption in the 
presence of malonate or a mixture of glucose 
and malonate was not affected by estradiol. 

On the other hand, effect of estradiol on 
conversion of isotopic carbon of the substrate 
to carbon dioxide was observed (Table VI). 
Estradiol increased the carbon dioxide pro- 
duction from glucose-U-C'* and malonate-2- 
C¥, This evidence indicates that estradiol 
stimulates the rate of the citric acid cycle in 
the metabolism of glucose and the metabolism 
of malonate. Mueller et al. (10) reported 


TABLE V 


Effect of Estradiol on Oxygen Consumption in Human 
Young Placental Homogenate 


The values are expressed in ymoles per g. of 


wet weight of tissue per hour + standard error 
of the mean. 


Lifid Synthesis in Tissue Slice—Conversions 
of isotopic carbon of the substrate to total 
lipid in placental slice are shown in Table 
IV. Stimulation of total lipid synthesis by the 
addition of ATP is observed in the tissue 


Deter- Glucose 


5 No Malo- 
mina- Glucose Malo- 
eu substrate nate Sets 
No 8 eSi7/ Sy 14.4 15.97 
addition + 0.82 |+ 0.62 |+ 0.98 |+ 1.35 
Estradiol 6 723 11.40 14.5 15.97 
SE OPOS Mie OL/OM 2 0-85 sanleed 


The values are expressed in Qo, (N) + stand- 
ard error of the mean. 


Metabolism of Glucose and Malonate Was 


TABLE VI 


Effect of Estradiol on Conversion of Carbon of Substrate 
to Carbon Dioxide in Human Young Placental 


Homogenate 
Deter- Glucose-U-C!4 | Malonate-2-C4 
mina- | = : 
tion | \Malo- | Glucose 
| |__nate | 
No | 8 | 164 | 1.78 | 1.92 | 1.64 
addition | +0.066 |+0.130 +0.089 |+0.110 
Estradiol | 4 | 1.83 | 1.95 | 3.81 | 2.34 
|+0.072 '+0.061 +0.250 |+0.126 


The values are expressed in wmoles per g. of 
nitrogen of homogenate per hour + standard error 
of the mean. 


that estradiol stimulated the level of amino 
acid activating enzymes in the rat uterus and 
Hosoya et al. ({1) reported that estradiol 
stimulated the acetylation of sulfanyl amide 
in the pigeon liver acetone powder. From this 
evidences, estradiol might be considered to 
stimulate the activation of malonic acid to 
malonyl-CoA. 

Effect of Bicarbonate on Oxygen Consumption 
in Homogenate—The effect of bicarbonate on 
the oxygen consumption was investigated fur- 
ther using placental homogenate (Table VII). 
Bicarbonate increased slightly the endogenous 
respiration and had no effect on the oxygen 
consumption in the presence of succinate. In 
the presence of malonate or a mixture of 
succinate and malonate as substrate, oxygen 
consumption was increased with bicarbonate 
nearly to that observed in the succinate alone. 


Tasie VII 
Oxygen Consumption of Human Young Placental 
Homogenate 
Subst Deter eye IMalo- Succinate 
.- ladditi nate| nate | 
NaHCO, ee . Abts | ae 
No | 10 11.39 | 20.92 | 15.44 | 16.09 
addition +0.663 |+ 1.86 |+ 1.09 | + 0.73 
| 
NaHCO,; 4 12.45 20.87 20:45 |p MOAB 
| 253/01) EE OWES Rife) ac) 
= | 


The values are expressed in Qo, (N) + stand- 
ard error of the mean. Succinate, 30 ymoles; 
molonate, 30 ymoles; sodium bicarbonate, 10 p- 


moles. 


This evidence indicates that malonate and 
bicarbonate might produce the metabolite 
which had a higher oxygen consumption (8). 
The same effect of malonate and bicarbonate 
was observed in respiration of homogenate 
of ox retina by Burgess ¢é al. (12). 


DISCUSSION 


Oxygen consumption of human placental 
slices in the presence of a mixture of glucose 
and malonate as a substrate was decreased 
to the degree of about three fourth of the 
endogenous respiration. The further addition 
of 17 f-estradiol, ATP, DPN or bicarbonate 
resulted in a recovery of oxygen consumption 
to endogenous levels. To elucidate this pheno- 
menon, the experiment was carried out using 
uniformly labeled glucose and malonate-2-C'. 

The addition of estradiol resulted in an 
increase in carbon dioxide production, gly- 
cogen synthesis and lipid synthesis from glu- 
cose and malonate. Glycogen and lipid syn- 
thesis from glucose in the presence of malo- 
nate and lipid synthesis from malonate in the 
presence of glucose were increased. Estradiol 
may stimulate the rate of the metabolism 
in placental slices. For this reason, oxygen 
consumption of tissue slice in the presence 
of a mixture of glucose and malonate would 
be increased. 

On the other hand, increasing rate of 
carbon dioxide production from malonate is 
higher in the tissue slice than in the homo- 
genate experiment. The oxygen consumption 
in the presence of malonate or a mixture of 
glucose and malonate in the homogenate ex- 
periment is on a higher level than without 
substrate and is not stimulated by estradiol. 
From these evidences, it may follow that 
estradiol can stimulate the rate of cell mem- 
brane permeability of malonate. 

Carbon dioxide production from glucose 
was decreased by the addition of ATP whereas 
the production from malonate was increased 
in the tissue slice. Lipid synthesis from 
glucose and malonate was increased slightly 
by the addition of ATP. ATP, also, would 
stimulate the rate of permeability of malonate. 
The carbon dioxide production from glucose 


vy 


and malonate was increased by the addition 
of DPN to the tissue slice. ATP and DPN 
do not pass through the cell membrane. 
‘Therefore, ATP and DPN would be decom- 
posed, in part, outside of the cell. Consti- 
tuents of the adenine nucleotides would reach 
into the cell, and ATP and DPN would be 
resynthesized inside of the cell to stimulate 
the oxygen consumption. 

The addition of bicarbonate to tissue 
slice resulted in a decrease of carbon dioxide 
production, glycogen synthesis and lipid 
synthesis from glucose and malonate except 
in the case of the glycogen synthesis from 
glucose in the presence of malonate. Glucose 
and malonate themselves might not be utilized 
directly in the case of the addition of 
bicarbonate, therefore endogenous metabolic 
substances would be metabolized. The oxygen 
consumption in the homogenate experiment 
with malonate or a mixture of malonate and 
succinate as substrates was increased to the 
level of succinate by the addition of sodium 
bicarbonate. From this evidence it may be 
that malonate and bicarbonate could readily 
pass through the cell membrane and that 
any substrate could be synthesized in the 
cell. This substrate has the same level of 
oxygen consumption as the succinate. For 
this reason, oxygen consumption of a mixture 
of glucose and malonate would be increased 
by the addition of bicarbonate in tissue slice 
experiment. 


SUMMARY 


The metabolism of glucose and malonate 
were observed using human placental slices 
and homogenates. 

1. The decrease in the rate of oxygen 
consumption of tissue slice in the presence of 
a mixture of glucose and malonate was 
restored nearly to that observed in the 
endogenous respiration by the addition of 
estradiol, ATP, DPN or bicarbonate. 

2. Carbon dioxide production in tissue 
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slices was stimulated by estradiol, ATP and 
DPN with malonate as a substrate. In the 
homogenate, the level of carbon dioxide 
production from malonate with estradiol was 
higher than the glucose. 

3. Glycogen synthesis from glucose in 
the presence of malonate was increased by 
the addition of estradiol and bicarbonate to 
the tissue slice. 

4. Stimulation of lipid synthesis was 
observed with the addition of estradiol and 
ATP. Lipid synthesis from a mixture of 
glucose and malonate was increased by the 
addition of estradiol to the tissue slice. 

5. In the homogenate, the oxygen con- 
sumption with a mixture of glucose and 
malonate was higher than without substrate. 
The oxygen consumption in the presence of 
this mixture was not stimulated by estradiol. 
By the addition of bicarbonate to malonate, 
oxygen consumption was increased nearly to 
that observed with succinate as a substrate. 
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The first observation that there are two 
components of human serum which inhibit 
trypsin was made by Grob (J) He found 
the inhibitory activity to be predominantly 
associated with the a- and §-globulins of 
serum. Shulman (2, 3) confirmed that 
human serum contains two trypsin inhibitors. 
Later Jacobsson (4, 5) has demonstrated 
by the paper electrophoresis that two trypsin 
inhibitors are localized in a,- and a.-globulins. 
After some unsuccessful attempts by several 
workers (5-9), Wu and Laskowski (JO) 
finally succeeded in crystallizing an acid-labile 
trypsin inhibitor from bovine blood plasma. 

The distribution of trypsin inhibitors in 
the fractions of human serum proteins was 
studied rather precisely by Jacobsson (4, 5) 
by the following procedure: Serum was first 
separated into fractions by paper electrophore- 
sis, each fraction was extracted separately, 
cutting the filter paper into sections, and the 
inhibitory activity of each extracted fraction 
was estimated by the use of trypsin and its 
substrate. Because of the complexity of the 
method, distribution of trypsin inhibitors in 
sera of animals other than humans has not 
yet been elucidated, althongh the first crystal- 
line inhibitor obtained from _ bovine 
plasma. 

Recently Nakamura and his coworkers 
(11) have demonstrated by the two-dimension- 
al crossing paper electrophoresis that there 
are two typsin inhibitors in the extract of soy 
beans. By the same method, the distribution 
of trypsin inhibitors in the sera of various 
animal species has been demonstrated. The 
results will be reported in the present paper. 


was 


EXPERIMENTAL 


Trypsin was crystallized by the method of Nor- 
throp and Kunitz (/2). 
were obtained with the usual technique. 


Sera of various animals 


Two-dimensional crossing electrophoresis was car- 
ried out at room temperature and its procedure has 
been described already (//, /3). 
apparatus* as shown in Fig. | was used mostly, in 


Horizontal plate type 


which a square sheet of filter paper of 20% 20cm. 
could be set up. The apparatus consisted of two 
parts: the trough and the cover, and two electrode 
The 18x 18cm. 


about 10mm. deep. It was provided with a broad 


vessels. trough was of area and 
brim, on which the square sheet of filter paper was 
set up. The available area of the paper for the two- 
dimensional electrophoresis was about 17x 17cm. 
First, the lines for the solutions to be applied 
were drawn on the filter paper. Then it was soaked 
with the buffer solution and set up on the trough. 


For the first electrophoresis, serum alone was applied 


Fie. 1. 
sional paper electrophoresis apparatus. 

IVS thay, (Cre 
Explanation, see text. 


Diagram of the plate type two-dimen- 


cover. V: electrode vessel. 


* Obtainable from the Kayagaki Co., Tokyo. 
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on the predetermined line (AB). Two sheets of filter 
paper of 20x 10cm. were attached to the anodic and 
cathodic ends of the test filter paper on the trough 
to connect it to the buffer solutions in the electrode 
vessels. The trough with the filter paper was closed 
with the cover and the first electrophoresis was carried 
out in direction |. 

After the first electrophoresis the sheets of connect- 
ing filter paper were removed, the trough with the 
test filter paper was turned at a right angle, and the 
solution of trypsin was applied on the other predeter- 
mined line (XY), which was drawn perpendicularly 
on the anodic side (in the second electrophoresis) of 
Then the filter 


the line for serum. paper was con- 


nected with the electrode vessels, covered, and the 
second electrophoresis was carried out in direction 2. 

Barbiturate buffer of pH 8.6 and ionic strength 0.05 
and filter papers of Toyo No. 52 and Whatman No. 
1 were used. 

After the two runs of electrophoresis, the filter 
paper was dried at 100°C and stained with bromo- 
phenol blue (/#) or with amidoblack 10 B (/5). Optical 
density of the stained protein zone was measured by 


a densitometer. 


RESULTS AND DISCUSSION 


Crossing Diagram of Human Serum against 
Trypsin—In Fig. 2 is shown an example of 
“crossing diagrams” (J/, 15) of human serum 
against trypsin. This electropherogram was 
obtained by the two-dimensional electrophore- 
sis of human serum and trypsin as described 
above. Under the given experimental con- 
ditions trypsin migrates toward cathode and 
serum proteins toward anode. ‘Thus the for- 
mer migrates over the zones of the latter. As 
can be seen from the figure, the zones of 
serum proteins were partially digested by try- 
sin. In this way the front of the trypsin line, 
which is named the “crossing diagram” of 
serum against trypsin, appeared across the 
zones of serum proteins. It shows two grooves 
(or peaks, if viewed conversely), one in the 
zone of a,-globulin and the other in that of 
a,-globulin. At the grooves the migration of 
trypsin is retarded and the retardation must 
have been caused by a reaction with sub- 
stances in serum which combined it and in- 
hibited its activity. As trypsin migrates over 
the zones of serum proteins, the groove of 
trypsin line will become deeper where trypsin 
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inhibitor is present in high concentration. It 
is obvious that the grooves do not depend on 
the reaction of trypsin with any serum pro- 
teins as its substrates, because the most con- 
centrated serum albumin did not form a 


‘a 


7 +1 
he, Ye 


of human serum against trypsin. 


Crossing diagram of trypsin inhibitors 


First electrophoresis: 0.04 ml./6cm. of human 
serum alone was applied on line AB. Electro- 
phoresis was carried out in direction 1, at 100 
volt. and 4mA for 16 hours at room temperature. 
0.1 ml./l4cm. of 1.5% 


trypsin solutions was applied on line XY. Electro- 


Second electrophoresis : 
phoresis was then carried out in direction 2 at 
100 volt. and 4mA for 8 hours at room tempera- 
Barbiturate buffer of pH 8.6 and ionic 
strength 0.05. Filter paper, Toyo No. 52. 
ed with bromophenol blue. 


ture. 


Stain- 


Thus the curve obtained at the front 
of trypsin line would correspond to the distri- 
bution of trypsin inhibitor in the serum pro- 
teins. 


groove. 


This conclusion may be supported also 
by the fact that the distribution curve obtain- 
ed by Jacobsson (5) shows the same locali- 
zation of two trypsin inhibitors in ay- and a- 
globulins. 

The line of a substance thus obtained, 
which corresponds to the distribution of the 
other substance reacting with the former has 
been named the “crossing diagram” of the 
latter* (7, 15). Therefore the curve which 


* By changing the order of the two runs, two 
kinds of crossing daigrams can be obtained. 
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appeared on the front of trypsin line may 
be called the “crossing diagram of trypsin 
inhibitors” in the serum. 

Distribution Curve of Trypsin Inhibitors in 
the Fractions of Human Serum—The crossing 
diagram of human serum against trypsin ob- 
tained by the two-dimensional crossing electro- 
phoresis, however, does not necessarily coin- 
cide with the distribution curve of trypsin 
inhibitor. This is because the front of trypsin 
line does not cross each fraction of the serum 
at the same distance from the end, since the 
electrophoretic mobilities of the fractions are 
not the same. Nevertheless, a distribution 
curve of trypsin inhibitors may be drawn 
from its crossing diagram, provided that each 
inhibitor-trypsin complex had the same dis- 
sociation constant and migrated with the 
inhibitor. 

Retardation of migration of a substance 
reacting with another substance in the cross- 
ing electrophoresis is analogous to that in 
chromatography. In chromatography a sub- 
stance reacts with or is adsorbed by the 
stationary phase, and migrates by the addition 
of an eluting solvent. In the crossing electro- 
phoresis, a substance which is applied on the 
filter paper perpendicularly to the direction 
of electrophoresis, migrates along the zone 
(or column) of the other substance which is 
applied parallel to the direction. Thus simi- 
larity of these two phenomena is obvious. 
Only the moving force in the crossing electro- 
phoresis is not hydraulic but electrophoretic, 
and the reaction of the two substances may 
not only be adsorptive but sometimes chemi- 
cal. Consequently the theory of chromato- 
graphy (/6-/8) can be applied also to the 
crossing electrophoresis. 

As discussed above, here the zones of tryp- 
sin inhibitors may be regarded as columns 
of chromatography for trypsin, and in the 
following treatment, the zone of trypsin in- 
hibitor was supposed to be of uniform con- 
centration. This may be realized, if a suffi- 
ciently narrow longitudinal section of the 
inhibitor band is considered. In formulating 
the equation to calculate the relative con- 
centration of inhibitors, following symbols 


were used : 

X=Vt=relative position of trypsin line 
(or band) after the migration during time, t, 
measured in relation to the position of trypsin 
inhibitor. (V is the relative electrophoretic 
velocity of trypsin in relation to trypsin in- 
hibitor on the filter paper under given con- 
ditions per unit time.) 

x=vt=relative position of trypsin band 
after the migration during time, t, in the in- 
hibitor zone. (v is the relative electrophoretic 
velocity of trypsin relative to the inhibitor in 
the zone of the latter.) 

u=mobility in the first electrophoresis. 

€>=amount of total trypsin per unit area 
of the trypsin zone. 

e=amount of free trypsin per unit area 
of trypsin zone on the inhibitor zone. 

ip=amount of total trypsin inhibitor per 
unit area of inhibitor zone. 

i=amount of free trypsin inhibitor per 
unit area of inhibitor zone. 

p=amount of trypsin-trypsin inhibitor 
complex formed per unit area on the zone 
of inhibitor. 

K,=dissociation constant of the complex. 


Between trypsin, T, and trypsin inhibitor, 
I, instantaneous equilibrium 


2 =e Wk Ga ee Re I a It eto (1) 
may be supposed to be established. Obviously 
(eo yeates en Oa cnunnne Hr iradontJpe od no HOan Inco aNCLrc G23) 
Bhatek 9 siyj=sv soy Cdconoodeces oosebcau Jo anopocegenda000-4 (33 
Hence 
lp e 
ce =P RR TR Re nr: (4) 


On the inhibitor zone, sufficiently narrow 
cross section of thickness, du, can be supposed, 
in which de/dx, de/@X, and dp/dX may be 
considered constant. When trypsin (free) mig- 
rates an infinitesimal distance, AX, the amount 
of trypsin which leaves the section across its 
front boundary is (e—Ae)AX, and the amount 
which enters from its rear boundary is eAX, 
provided that the trypsin inhibitor and the 
inhibitor-trypsin complex do not migrate in 
relation to trypsin. Thus the amount of 
trypsin carried into the section is AeAX. On 
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the other hand, the total trypsin in the section 
migrates an infinitesminal distance, Ax, on the 
inhibitor zone, corresponding to the distance 
AX, in the inhibitor free field. The total 
amount of trypsin which leaves the section 
across its front boundary is (e)—Ae )Ax. and 
the amount which enters from its rear, bound- 
ary is e,Ax. The difference must be equal to 
the amount of free trypsin carried in, 


Ae,Ax=AeAx+ApAx=AeAX 
Thus 

de pop: "de 

OO me Ox 
Substituting (dX/dx).(de/0X) for de/dx, and 
(dp/de)(de/0X) for dp/dX, 


dX dp 
lea = tsas Bainorsisinats antes steintereielersarsisiainis (7) 
The general solution can be written as 


x 
ASH) Teedp/de 


If the starting point of the experiment is 
chosen at the point of crossing, initial con- 
dition may be 


Sas ee eee es (9) 
Thus 
x d 
ee (10) 
Now from equation (4) 
dp igKy 
de = (Krbek et Bes stipe nce (12) 
Therefore from equation (10) 
x igKy 
i+ (Kite? Sar rae cea (13) 
if 
SS ple OR gn Cea (14) 
OF y> « _ dodaaocBostEnscodennccog cobasadaaccoo nade (15) 
Hence 
Ray (Kane = At. et ike ce (16) 


can be regarded as a constant, and the follow- 
ing equation is obtained. 


X—x 
x 


=Ai, 


The distance, X, migrated by trypsin in re- 
lation to the inhibitor in the inhibitor free 
field, and that in the zone of inhibitor, x, 
can be measured from the crossing diagram 
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of trypsin inhibitor. Therefore, a distribution 
curve of trypsin inhibitors in the fractions of 
serum can be drawn. 

In Fig. 3, the upper diagram shows the 
“crossing diagram” of trypsin inhibitors in 


CONCENTRATION OF INHIBITORS 
OPTICAL DENSITY 


MOBILITY 
Drawing of the distribution curve 


Fic. 3. 
from the crossing diagram of trypsin inhibitors. 

Upper part: Crossing diagram of trypsin in- 
hibitor ; confer Fig. 2. AB: original line of serum 
application. XY: original line of trypsin appli- 
X’Y’: front of trypsin line. MN: front 
Lower part: distri- 


cation. 
of zones of serum proteins. 
bution curve of trypsin inhibitors in serum pro- 
teins. Fat line: distribution curve. Dotted line: 
electrophoretic pattern of the serum. Explanation, 
see text. 


human serum against trypsin. Trypsin solu- 
tion which was originally applied on line XY 
migrated up to line X’Y’. The front of the 
serum proteins reached line MN. Distance, 
Hy, is that which trypsin migrated in relation 
to the corresponding fraction of serum pro- 
tein. The actual distance which trypsin 
migrated in the fraction is denoted as hy. 
Thus the ratio 

Hi—h, 

hy 

is proportional to the quantity of trypsin 


=A’i, 
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inhibitors, ip, in the fraction, and the lower 
diagram was obtained using an arbitrary 
value of A’ as constant. It represents the 
curve of the concentration of trypsin inhi- 
bitors, ip, versus mobility, u, hence a distribu- 
tion curve of trypsin inhibitors in 
proteins. 

The total quantity of trypsin inhibitors, 
I, can be obtained :by measuring the area 
under the distribution curve according to 
the equation: 


serum 


I=A [igdu ty Eee (19) 


However, the absolute quantity of trypsin in- 
hibitors can not be obtained by this method, 
and only their relative. quantities can be 
calculated. 
hibitors contained in a,-globulin (I,) and in 
a -globulin (Iz) were calculated from Fig. 3 
to be about 100:16. This value falls in the 
range obtained by Jacobsson (5), although 
the quantity calculated by this method does 
not necessarily coincide with that obtained 
by other methods which measure the inhibit- 
ing activity, because the premises of each 
method are not the same. 

By the way, it could not be decided up 
to present, whether a third inhibitor exists 


Thus the ratio of trypsin in- 
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a) Crossing diagram 


I@y 4a 


First electrophoresis in direction 1, at room temperature. 


At 100 volt. and 4mA for 16 hours. 


12cm. of 1.5% trypsin solution on line XY. At 100 volt. and 4mA for 8 hours. 


the same as in Fig. 1. 


Second electrophoresis in direction 2, at room temperature. 


in the region of $-globulin or not, although 
the presence was suspected as shown in the 
figure. 

Crossing Diagrams of Sera of Various Animals 
against Trypsin—Crossing diagrams of sera of 
some animals against trypsin are shown in 
Fig. 4 to 10. A short comment which follows 
may be necessary. 

As will be seen in Fig. 4, the crossing 
diagram of trypsin inhibitors of bovine serum 
shows only one peak in the region of a-glo- 
bulin. However, since the peak is somewhat 
broad, it may be regarded as composed of 
two peaks. 

The crossing diagram of trypsin inhibitors 
of horse serum shows two peaks (Fig. 5), one 
in the region of albumin and the other in 
the area between a- and {-globulins. It is 
characteristic of horse serum that its serum 
albumin was digested considerably by trypsin, 
a finding which has not been observed with 
sera of other animals. ‘The distribution of 
the second inhibitor is somewhat broader 
than that of the first. The relative concen- 
trations of the two inhibitors are nearly the 
Senne s Ibe In) s a0), 

In Fig. 6 is shown the crossing diagram 


of sheep serum. It shows two peaks, one in 


OF INHIBITOR 
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MOBILITY 


b) Distribution curve 


Crossing diagram and distribution curve of trypsin inhibitors of bovine serum. 


0.04 ml./6cm. of bovine serum on line AB. 
0.08 ml./ 


Other conditions were 
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A 


a) Crossing diagram 

Fre. 9. 

Ist electrophoresis : 
hours, at room temperature. 


100 volt and 4mA for 6 hours, at room temperature. 


a) Crossing diagram 


Ere. 6. 


0.06 ml./8cm. of horse serum alone on line AB. 
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b) Distribution curve 


Crossing diagram and distribution curve of trypsin inhibitors of horse serum. 


At 100 volt and 4mA for 16 


2nd electrophoresis: 0.1 ml./14cm. of 1.5% trypsin solution on line XY. At 


Other conditions were the same as in Fig. 4. 
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OF INHIBITOR 
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b) Distribution curve 


Crossing diagram and distribution curve of trypsin inhibitors of sheep serum. 


Experimental conditions were the same as in Fig. 5, except that the second electrophoresis was carried 


out for 8 hours. 


the region of a- and the other in that of B- 
globulin. They are not completely separated. 
The relative concentrations of I, and I, are 
nearly 100 and 42, respectively. However, it 
seems probable that there would be one more 
peak in the region of albumin beside these 
two peaks, judged from the inclination of 
the crossing diagram. 

The crossing diagram of trypsin inhibitors 
of pig serum in Fig. 7 demonstrates only one 


peak in the region of a-globulin. 

The crossing diagram of trypsin inhibitors 
of cat serum (Fig. 8) shows two peaks, one 
between the zone of albumin and a-globumin 
and the other between a- and £-globulins. 
The relative concentrations of the first and 
second inhibitors are about 100 and 41, re- 
spectively. 

In Fig. 9 the crossing diagram of rabbit 
serum is represented. It also shows two peaks, 


Distribution of Serum Trypsin 


a) Crossing diagram 


ErGan/s 


Crossing diagram and distribution curve of trypsin inhibitors of pig serum. 


Experimental conditions were the same as in Fig. 5. 


a) 


Crossing diagram 


Fic. 8. 


Experimental conditions were the same as in Fig. 


one between albumin and a-globulin and the 
other between a- and f-globulins. But the 
positions of the two peaks are slightly dif- 
ferent from those in cat serum. The relative 
concentration of the first and the second 
inhibitors are about 100 and 60, respectively. 

Fig. 10 shows a crossing diagram of trypsin 
inhibitor in guinea pig serum. Two peaks 
can be seen, one in the region between 
albumin and a-globumin and the other betwe- 
en a- and f-globulins. The relative concen- 
trations of I, and I, are about 100 and 30, 


Crossing diagram and distribution curve of trypsin inhibitors of cat serum. 


ay, 
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respectively. Here also a third inhibitor se- 


ems to be contained in the fraction of serum 
albumin as in the case of sheep serum. 
Previously, the distribution of trypsin 
inhibitors was studied only with human serum 
and two inhibitors, one in a,- and the other 
in a2-globulin, have been found by Jacobs- 
son (4, 5). They were sometimes called a- 
and ap-inhibitors. Since the present study 
has demonstrated somewhat different distribu- 
tion patterns with various animal species, it 


seems more logical to designate them merely 
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a) Crossing diagram 


Fic. 9. 
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b) Distribution curve 


Crossing diagram and distribution curve of trypsin inhibitors of rabbit serum. 


Experimental conditions were the same as in Fig. 5. 
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b) Distribution curve 


Fra. 10. Crossing diagram and distribution curve of trypsin inhibitors of guinea pig serum. 


Experimental conditions were the same as in Fig. 5, except that the second electrophoresis was carried 


out for 8 hours. 


I,- (or the first) and I,- (or the second) in- 
hibitors. 

Whether there is a third inhibitor in sera 
of some animals has not yet been conclusively 
elucidated, and we must await further studies. 

Changes in the concentration of trypsin 
inhibitors in diseases were already studied by 


Jacobsson (5). We have also found that 
the relative concentrations of the two trypsin 
inhibitors in human serum show individual 
variations, as will be reported later together 
with other studies on the changes in diseased 
conditions. 
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SUMMARY 


Two-dimensional crossing electrophoresis 
of blood serum and trypsin was carried out 
as follows: In the first electrophoresis the 
serum alone was separated into its fractions. 
Trypsin was then applied on a line perpen- 
dicular to the serum and the second electro- 
phoresis was carried out in the direction 
perpendicular to the first run. The front of 
trypsin crossed the zones of serum proteins 
and formed a characteristic curve which may 
show the distribution of trypsin inhibitors. 
Such curve has been named the “crossing 
diagram” of trypsin inhibitors of the serum. 

Human serum showed two peaks on the 
crossing diagram indicating two correspond- 
ing inhibitors, one in the region of a,-globulin 
and the other in the region of a,-globulin. 

A theory has been presented for calculat- 
ing approximately the relative concentrations 
of trypsin inhibitors in the fractions of serum 
from the measurements made on the crossing 
diagrams of trypsin inhibitors of the serum. 
According to this theory, the distribution 
curve of trypsin inhibitors was drawn and 
the relative concentrations of the two inhi- 
bitors of human serum were calculated to be 
about 100 and 16. 

Sera of cow, horse, pig, sheep, cat, rabbit, 
and guinea pig were also investigated by the 
same method, and the distribution of trypsin 
inhibitors in them were demonstrated. Except 
cow and pig, two inhibitors were observed. 
In the sera of sheep and guinea pig a third 
inhibitor was suspected. 


This investigation was supported in part by a 
grant from the Ministry of Education. 
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I. INTRODUCTION 


In this communication we shall address 
ourselves in the main to the following ques- 
tions: (1) what is the smallest common 
denominator of mitochondrial function and 
what is the size, shape, composition and 
organizational pattern of this hypothetical 
unit ? (2) how can the mitochondrial unit be 
subdivided into smaller functional complexes, 
and what are the properties of these compo- 
nent complexes ? (3) how many repeating units 
are present in a single mitochondrion and 
how are these fitted together or stacked to 
account for the three-dimensional structure of 
the mitochondrion? and (4) what is the 
mechanism by which electrons can flow 
through the component complexes of the 
mitochondrial unit and from one complex to 
the next in sequence? 

During the past decade there has been 
a vast accumulation of information about 
the structure and function of the mitochon- 
drion. However, relatively few efforts have 
been directed to the systematization of the 
available information. In our opinion the 
time is ripe at least to formulate the problems 
and to bring the issues raised above into sharp- 
er focus. Some of the data to which we 
shall refer has been drawn from studies 
carried out in our laboratory, but we are also 
leaning heavily on the results of other labora- 
tories, particularly the electron microscope 
studies of H. Fernandez-Moran. It is our 
hope that the various approximate calculations 
which we have carried out will be a spur to 
further work in. the field, and will encourage 
others to extend the scope and rigor of these 
first tentative efforts. 


Il. PRIMARY AND SECONDARY ENZIMATICG 
ACTIVITIES OF THE MITOCHONDRION 


The mitochondrion is primarily a device 
for coupling energetically the aerobic oxida- 
tion of citric cycle substrates (or other 
substrates) to the synthesis of ATP (J). 
All the processes which are concerned 
directly or indirectly in the coupling 
phenomenon may be considered to be 
the primary enzymatic processes whereas all 
the rest would fall into the category of 
secondary enzymatic processes. The primary 
processes include: (1) the citric acid cycle 
(and related cycles); (2) fatty acid oxidation ; 
(3) electron transport ; and (4) oxidative phos- 
phorylation (2). The secondary processes are 
in the main of a synthetic nature, @g., syn- 
thesis of hippuric acid (3), fatty acids (4) and 
phospholipids (5). In mitochondria such as 
those of heart, the quantitative importance 
of secondary enzymatic processes is relatively 
minor whereas in liver mitochondria the con- 
tribution is relatively much greater. The 
locale of the enzymes concerned in the 
secondary enzymatic processes has yet to be 
decided. Undoubtedly some of the enzymes 
are Closely associated with the primary, par- 
ticulate mitochondrial unit while others may 
be present in diffusible form in the spaces 
between cristae. 


Ill. THE PRIMARY MITOCHONDRIAL 
SYSTEM 


The basic functional unit of the mito- 
chondrion is a composite of two segments: 
(1) a particulate, structured segment known as 
the electron transport particle (ETP) (6); and 
(2) a group of dehydrogenating complexes 
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which are attached to ETP but which are 
in large measure detachable from ETP by 
various mechanical (sonic irradiation) or 
chemical means (exposure of mitochondria to 
dilute ethanol or strong phosphate solution). 
The strength of the attachment of the various 
dehydrogenating complexes to mitochondrial 
ETP is variable so that some are more readily 
detached than others. The $-hydroxybutyric 
dehydrogenase complex (7) shows the most 
tenacious association with ETP while the 
complex of fatty acid oxidation enzymes is 
more loosely attached. There are five known 
dehydrogenating complexes: (1) the pyruvic 
(8), (2) the a-ketoglutaric (9), (3) the 8-hydroxy- 
butyric (7), (4) the fatty acid (JO), and (5) 
the malic-isocitric (//), dehydrogenating com- 
plexes. The relation of these complexes to 
the electron transport chain of ETP is 
diagrammatically represented in Fig. 1. 


@) 
ON 
@— ies 


= 


Braces 
relation in the mitochondrial unit between the 


°2 


A diagrammatic representation of the 


electron transport particle (ETP) and the various 
dehydrogenating complexes (circles with roman 
numerals). Bound DPN is the link between these 
two segments of the chain. 

I #-hydroxybutyric dehydrogenating complex 


II pyruvic 1 I 
Ul a-ketoglutaric I i 
IV malic-isocitric I I 

V fatty acid I I 


Arrows indicate direction of flow of electrons. 


When these complexes are separated from 
ETP, electrons can no longer enter by way 
of citric cycle substrates or fatty acyl CoA 
esters but must enter by way of either suc- 
cinate or DPNH. The electron flow through 
any of these dehydrogenating complexes is 
not involved in the coupling phenomena as 


evidenced by the fact that ETP in its phos- 
phorylating form shows as high a P/O ratio 
as does the original mitochondrion (/2). 


IV. THE ELECTRON TRANSPORT PARTICLE 


This structured particle contains the basic 
oxidation-reduction protein components of 
the electron transport chain, viz. the two 
flavoprotein enzymes (succinic and DPNH 
dehydrogenases, fs and fp) and the four hemo- 
proteins (cytochromes a, b, c, and c) (6). In 
addition, coenzyme Q, non-heme iron and 
copper are concerned either in the interaction 
of these six proteins with one another or in 
the interaction with molecular oxygen (J/). 
The amounts and molecular proportions of 
the various oxidation-reduction components- 
in ETP are listed in Table I. 


TABLE I 
Concentration of Oxidation-Reduction Proteins in ETP» 
and Calculation of Particle Weight from 
These Values 


Concentration | Calculated 
Protein in ETP ai ee Particle 
(vmoles/g.) Weight 
Succinic 
ens iuoeenase 0.32 1 3.1x 108 
DPNH dehydro-| 49 1 3.1 10° 
genase 
Cytochrome a 1.30 4 3.1x 108 
Cytochrome b 0.68 2 2.9x 10° 
ca eeronie Bo 0.3 1 3.3 x 108 


1) Data of Linnane and Ziegler (£3), 
Griffiths and Wharton (J5) and de Bernard 
(14). 


The molecular weight of each of the 
flavoproteins and cytochromes is now known 
with a fair degree of accuracy. Thus if we 
assume that the smallest common denominator 
of ETP (i.e, the smallest molecular unit) 
contains only one molecule of each of the 
two flavoprotein it is possible to calculate the 
minimum particle weight of the unit from 
the ratio: 

a (1) 
[prosthetic group] 
where n is the number of moles of a given 
prosthetic group in one mole of subunit and 
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[prosthetic group] is the concentration of 
that prosthetic group in ETP (expressed as 
moles per gram of ETP). The results of such 
calculations are shown in Table I. The average 
particle weight is 3x10°g. The agreement 
between the various values obtained when 
the formula is applied using the concentra- 
tion of each of the six oxidation-reduction 
proteins in turn is surprisingly good, consider- 
ing some of the uncertainties in the deter- 
mination of the concentration of the various 
prosthetic groups in ETP. 

The values listed in Table I are in terms 
of protein dry weight. Since ETP contains 
30 per cent by weight of lipid (8) the true 
particle weight would be 10/7 times the value 
Ob S108 e!, 43 Oal0S ge 

There are two lines of physical evidence 
which are pertinent to the estimate of the 
particle weight of ETP. R. Bock and P. 
Chen (19) of the Department of Biochemistry 
of the University of Wisconsin have examined 
the sedimentation characteristics of a suspen- 
sion of ETP which had been exposed to sonic 
irradiation for 20 minutes at 9 kilocycles per 
second. The sedimentation diagram disclosed 
a narrow distribution of particle sizes with 
an average sedimentation coefficient of 40S. 
Assuming a frictional coefficient of 1.5, Bock 
and Chen estimated the particle weight to 
be about 3x10° At present all that can be 
said is that if f/f) is of the order of 1.5 and 
if the population of sonicated particles of 
ETP is largely homogeneous, then the particle 
weight of ETP would be in the range of 
several million. 

The electron microscope photographs of 
H. Fernandez-Moran taken of both fixed 
and sprayed specimens of suspensions of ETP 
throw some light on the shape of these par- 
ticles. The photographs show a rectangular 
repeating unit, the long dimension of which 
is ca. 450 A and the shorter dimension ca. 150 
A (average values obtained from measure- 
ments of a number of separate units). The 
dimensions of this unit are probably inter- 
mediate between those of a flattened disc and 
those of an undistorted cylinder. If the 
observed repeating unit is a flattened version 
of what was originally a right circular cylinder, 


it can be estimated that the dimensions of 
the latter would be ca. 450A in length and 
100A in diameter, and the approximate 
particle weight (calculated from formula 7 
given in Appendix I) would be 2.5x10%g. 
However, if the observed repeating unit did 
not suffer any compression during the spray- 
ing process, it would correspond to a cylinder 
of about 450A in length and 150A in dia- 
meter with an approximate particle weight 
of 6.1x10%¢. Thus the range of particle 
weight (2.5 x10°~6 10%) would overlap with 
the value based on composition data (410°). 

It should be pointed out that the isolated 
rod-shaped structures which appear to be 
the units of ETP show a tendency to aggre- 
gate along the long dimension like sausages 
on a string and such aggregates may round 
up to form vesicles. Thus in isolated particles 
of ETP which have vesicular structure the 
units are no longer rod-shaped, but rounded. 
In addition, the monomeric rod-shaped par- 
ticles can also form rounded or spherical 
particles and these particles have to be 
distinguished from the polymeric vesiculated 
particles which have structure only in the 
periphery. 


V. DEHYDROGENATING COMPLEXES 
OF MITOCHONDRIAL UNIT 


Three of the complexes have been isolated 
as well defined, high molecular weight pro- 
teins [pyruvic (21), a-ketoglutaric (22) and 
8-hydroxybutyric (23)] but the fatty acid and 
malic-isocitric dehydrogenases systems have 
yet to be isolated as a single entity although 
there are indications that these exist as such 
in crude mitochondrial extracts. The ultra- 
centrifugal studies of Bock and others have 
shown that the pyruvic dehydrogenase com- 
plex of heart mitochondria has a M. W. of 
about 4x 10° g. and the a-ketoglutaric dehydro- 
genase complex a M.W. of about 2x10%¢. 
These complexes are probably polymers since 
they contain more than one molecule of 
prosthetic groups such as flavin dinucleotide. 
When the flavin-containing enzyme is detach- 
ed from the complex it is found to contain 
only one molecule of prosthetic group per 
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molecule of protein (24~ 26). Thus the number 
of molecules of flavin in the pyruvic or a- 
ketoglutaric dehydrogenase complex specifies 
the exact number of monomers in the poly- 
mer. These numbers are about 10 for the 
pyruvic (26) and 6 for the a-ketoglutaric 
dehydrogenase complex (24, 26). The mole- 
cular weights of the monomeric complexes 
would appear to be 400,000 for the pyruvic 
complex (26) and 300,000 for the a-ketoglutaric 
complex (24, 26). 

About 20 per cent of the total protein 
is lost in the transition from mitochondria to 
ETP (6). This liberated solubre protein in- 
cludes in large measure the various dehydro- 
genating complexes but in addition, enzymes 
connected with secondary enzyme processes 
and proteins such as myoglobin. Thus the 
particle weight of the mitochondrial repeating 
unit should be 10/8 times higher than that of 
ETP, z.¢, 5X10®°g. If we assume that the 
mitochondrial unit is made up of ETP 
associated with each of the five dehydrogenat- 
ing complexes as well as with some proteins 
other than those of the complexes, then the 
experimentally determined particle weight of 
5x10®°g. would be out of line with such a 
mitochondrial unit. The five complexes plus 
additional proteins might make a contribution 
of at least 2.5x10%g. to the particle weight 
of ETP and the resulting unit would have a 
particle weight of at least 710%. (4.3 10° 
+2.5x10°). This calculation suggests that the 
mitochondrial repeating unit is associated 
with perhaps no more than one dehydrogenat- 
ing complex (cf. Fig. 2). Some such arrange- 
ment might be operative to account for the 
fact that fatty acid oxidation is far less 
extensive in heart mitochondria (27) than in 
liver mitochondria, and that §-hydroxybutyric 
dehydrogenase activity is relatively high or 
low depending upon the mitochondrion. Such 
variability can be an expression of the fact 
that the frequency of attachment of a given 
dehydrogenating complex to ETP is a variable 
in different mitochondria. Let us say by way 
of illustration that this complex is attached 
to 1 in 20 units in mitochondria A, | in 10 
units in mitochondria B, and | in 5 units in 


ETP Op 
ETP 0, 
ETP O» 


Fic. 2. Diagrammatic representation of the 
concept that each mitochondrial unit is associated 
with one or other of the various dehydrogenating 
complexes and not with all of them. The circles 
represent the dehydrogenating complexes; each 
complex is assigned a different roman numeral. 
The mitochondrial unit is a composite of ETP, 
bound DPN and the dehydrogenating complex. 


mitochondria C. If this concept has any 
validity then it would mean that in a mito- 
chondrial suspension there are qualitative 
differences between one mitochondrial repeat- 
ing unit and another—differences which 
depend upon the nature of the particular 
dehydrogenating complex attached to a given 
unit. There would, therefore, be as many 
species of units as there are dehydrogenating 
complexes (assuming only one complex per 
unit). 


VI. NUMBER OF REPEATING UNITS IN A 
SINGLE MITOCHONDRION 


This number has been estimated by two 
different methods of calculation : (a) from the 
content of a given component of the mito- 
chondrial unit per mg. mitochondrial protein ; 
and (b) from the ratio of the volume of the 
structured elements of a mitochondrion to 
the volume of ETP. 

For the calculation of the number of 
repeating units in a single mitochondrion 
from the content of a given component, we 
shall select the succinic dehydrogenase which 
is present in beef heart mitochondria at a 
concentration level of about 2.6x10- moles 
per mg. of mitochondrial protein. The rela- 
tion between this concentration and the 
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number of repeating units per mitochondrion 
is given in the formula below. 

IEIXN4 Nu (2) 
where [fs] is the concentration of succinic 
dehydrogenase in moles/mg. of mitochondrial 
protein, Na is Avogadros number (6.02 x 10°), 
Nw is the number of mitochondria per mg. 
of mitochondrial protein and Ny is the num- 
ber of units per single mitochondrion. Nw has 
been evaluated by the calculations described 
in Section VII and in Appendix II to be about 
9x10®. Thus according to formula (2), Nu is 
1.7 x 104 when [fg] is 2.6 x 10-!° and Nw is 9x 10°. 

The second method for estimation of Nu 
depends upon the relation shown in formula 
(3) below: 

Vst 

Verp 
where Vsr is the volume of the structured 
elements in a single mitochondrion (including 
the volume occupied by the cristae and the 
outer or limiting membrane) and Verp is the 
volume of a unit of ETP (particle weight of 
4.3X10%g.). Vsr has been estimated to be 
1.1x10-"cm.? by the calculations described 
in Appendix III while Verp has been evaluat- 
ed by the following formula: 


Se WA (4) 


=Nv G39) 


where M.W. is the particle weight in gram of 
one mole of the repeating unit of ETP, Na 
is Avogadros number and is the density of 
ETP. Assuming a value for e of 1.2 and a 
value of 4.3x10® for M.W. (see Appendix I 
for further details of these estimates), then 
according to formula (4), Verp=6x 10-18 cm.? 
Setting Verp=6x10-!%8cm.? and Vgr=1.1x 
10-18, then Ny is 1.8x 104 according to formula 
(3). 

Thus the value of 17,000 for the number 
of units of ETP per mitochondrion estimated 
from the molar concentration of succinic de- 
hydrogenase in mitochondria agrees well with 
the value of 18,000 estimated from the ratio 
of the volume of the structured elements of 
a mitochondrion to the volume of ETP. 


VII. THE NUMBER OF MITOCHONDRIA 
FOR A GIVEN WEIGHT 


The number of mitochondria per mg. of 


mitochondrial protein has been estimated: 
(a) by direct count of the number of particles 
in a dilute suspension; and (b) from the ratio 
of the volume occupied by a given weight 
of mitochondria to the volume occupied by a 
single mitochondrion. Both methods have 
serious limitations but it was gratifying to 
find substantial agreement between the two 
methods that in 0.25 M-sucrose there are be- 
tween 8 and 9x10° mitochondria per mg. 
mitochondrial protein. 

The direct counting of the number of 
mitochondria in a suspension of known mito- 
chondrial protein with a phase microscope 
was carried out in chambers with an area 
of 0.0025mm.? and a depth of 0.02mm. The 
factor for translating mitochondria per cham- 
ber of 5x10->mm.° volume to mitochondria 
per ml. of the original suspension before dilu- 
tion was 2x10". When a beef heart mito- 
chondrial suspension in 0.25 Mf sucrose with a 
protein content of 75mg. per ml. was diluted 
10¢ in 0.2544 sucrose the average number 
counted per chamber was 3.5 and, therefore, 
the number of mitochondria per mg. would 
be: 

BA Set 

The method of direct counting of mito- 
chondria in dilute suspension is subject to 
the following errors: (1) Fragmented mito- 
chondria may give rise to multiple particles ; 
(2) not all particles will be counted; (3) any 
clumping of particles will lead to under- 
estimation of numbers. 

The alternative method for estimating 
the number of mitochondria per mg. protein 
is based on the following considerations and 
measurements. A suspension of mitochondria 
(10 ml.) in 0.25.M sucrose containing 880mg. 
protein was centrifuged at 40,000r.p.m. for 30 
minutes. The mitochondrial pellet had a 
volume of 6ml. and a protein content of 
of 848mg. Some of the protein in the original 
suspension was soluble and it is the loss of 
this protein in the supernatant (8mg./ml.) 
which accounts for the decrease in the protein 
content of the mitochondrial pellet. The 
pellet may be looked upon as a composite 


(5) 
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of mitochondria+water which has been 
trapped between the packed mitochondria. 
This water is the same as the supernatant 
fluid. If we assume that 50 per cent of the 
mitochondrial pellet represents the volume of 
mitochondria and the rest the volume of 
trapped water (cf. Appendix II for the basis 
of this estimate) then we may take it that 
the corrected protein content of the mitochon- 
dria would be 848—3x8=824mg. and that 
this weight would correspond to 3cm.? of 
mitochondria. Per mg. of mitochondria the 
corresponding volume would be 3.6 x 10-3cm.? 

The volume of a mitochondrion in 0.25 M 
sucrose may be computed as follows. In 
0.25 M sucrose the mitochondrion undergoes 
distortion of shape from a right circular cylin- 
der to a prolate spheroid (¢f diagram | below): 


When sprayed or thin-sectioned specimens of 
fixed suspensions of beef heart mitochondria 
in 0.25 M sucrose are examined in the electron 
microscope the mitochondria are found to 
have the following dimensions—1.3y in the 
major axis and 0.8 in the minor axis (2a= 
1.34; 2b=0.8y). The volume (V) of a prolate 
spheroid is defined by the formula shown 
below : 


V =f rab? (6) 


Substituting the values of a and b given 
above (after converting # to cm.) in formula 
(6), the value for V comes out to be 4.4.x 10-¥ 
cm.2 When the volume occupied by | mg. 
of mitochondria (3.6 x 10-°cm.*) is divided by 
the volume of a single mitochondrion in 0.25 Af 
sucrose (4.4x10-!%cm.?) the quotient is the 
number of mitochondria in I1mg. of mito- 
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chondrial protein and the numerical value of 
this quotient is 8x 10°. 


Vil. STRUCTURAL PROTEIN 


It has long been recognized that the 
mitochondrion is an organized mosaic of inter- 
locking enzymes and proteins but the key to 
the chemical principles which underlie this 
organization was missing until the isolation 
in our laboratory of the structural protein 
was announced for the first time and evidence 
presented that the structural protein provides 
the framework on which the electron trans- 
port chain is mounted (28-30). 

The structural protein accounts for about 
60 per cent of the total mitochondrial protein. 
It is isolated in the form of a colorless, water- 
insoluble polymer which contains no oxida- 
tion-reduction groups. At pH 10.5 or in pre-s 
ence of cationic detergents such as dodecyl- 
sulfate the structural protein (S. P.) is depoly- 
merized to a monomeric species of M. W. 
20-30,000 which can repolymerize when the 
pH is lowered to neutrality or when deter- 
gent is removed by dialysis. The monomeric 
species readily combines with the monomeric 
form of cytochromes a, 6 and c, to form 
stoichiometric complexes and also binds con- 
siderable amounts of lipid. The bonds which 
attach S.P. to the cytochromes and to lipid 
and which underlie the tendency of S.P. 
and the cytochromes to polymerize are prob- 
ably chiefly hydrophobic bonds and it is in 
fact the versatility and stability of the hydro- 
phobic bond which in large measure underlie 
the structural stability of the mitochondrion. 

The various reagents which have been 
found to fragment the mitochondrion into 
submitochondrial particles or proteins (bile 
acids, lower alcohols and detergents) are rea- 
gents which are highly effective in rupturing 
hydrophobic bonds and this effectiveness is a 
consequence of the detergents competing for 
lipophilic areas in the molecules which are 
involved in the hydrophobic bond. 

Studies on the properties of S.P. and of 
the S.P.-lipid complexes lead to a picture of 
the following kind for the organization of the 
mitochondrion. The backbone of the mito- 
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chondrial unit is probably a linear polymeric 
array of molecules of S.P. to which are 
attached lipid and the other protein com- 
ponents of the electron transport chain. As 
yet, it is not known how specificity of position- 
ing and alignment is achieved but there 
obviously are suitable devices to accomplish 
this end. According to this picture, the pro- 
tein molecules of the chain (with the exception 
of cytochrome ¢) are fixed in position and 
for all practical purposes must be considered 
to be immobile in the same sense but not to 
the same degree that amino acids in a pro- 
tein are restricted in movement. The cyto- 
chromes and flavoproteins are in general not 
linked one to another but all are linked to 
the S.P.-lipid network. The lipid phase of 
the unit is probably continuous so that elect- 
ron transport can proceed from substrate to 
oxygen in a lipid phase entirely. 

Assuming that some 60 per cent of the 
mitochondrial protein is accounted for by 
S.P. (33 per cent is the actual yield by direct 
isolation), then in each repeating unit there 
would be some 100 molecules of structural 
protein, approximately 1,000 molecules of 
phospholipid, one molecule each of fg, fp and 
cytochrome ¢, 2 molecules of cytochrome 6 
and 4 molecules of cytochrome a (neglecting 
the other components of the chain). These 
numbers emphasize the vast disparity in num- 
bers between the molecules of the S. P.-lipid 
network and the protein molecules of the 
electron transport chain. 


IX. THE COMPONENT COMPLEXES OF ETP 


The electron transport chain can be sub- 
divided into four particles or complexes which 
represent the four segments of the electron 


COMPLEX I 


transport chain: (1) succinic-Q reductase CSTE 
(2) DPNH-Q reductase (32); (3) QH2-¢ reduc- 
tase (32); and (4) reduced cytochrome ¢ oxi- 
dase (14, 15, 83). Each of these particles or 
complexes have now been isolated in highly 
purified form. The components of these com- 
plexes are listed in Table II and their relation- 
ships to one another and to the electron 
transport sequence are shown diagrammatical- 
Lye Figs: 

Y. Hatefi and his group in our labora- 
tory have been able to reconstruct succinic-c 
reductase, DPNH-c reductase and_ succinic 
(DPNH)-c reductase and activity as well as 
DPNH oxidase activity by interaction of the 
respective isolated particles under appropriate 
conditions (32, 34, 35). Thus the entire elect- 
ron transport sequence from succinate and 
DPNH on one end to oxygen at the other 
can now be reconstituted from the component 
segments of the chain. 
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The Components of the Four Basic Complexes 
of the Electron Transport System 


flavoprotein (fs) 

non-heme iron 

| lipid 

| cytochrome 5” 
flavoprotein (fp) 

| non-heme iron 

| lipid 

| cytochrome b 
cytochrome ¢, 

| non-heme iron 

| lipid 

| cytochrome a 
copper 

| lipid 


I Succinic-Q reductase 


II DPNH-Q reductase 


III QH.-cytochrome ¢ reductase 


IV Cytochrome oxidase 


1) The association of cytochrome ) with the 
succinic-Q reductase may be fortuitous. 

From the data of Ziegler and Doeg (31), 
Hatefi et al. (32), Griffiths and Wharton 
(15) and Okunuki e¢ al. (16). 


ppNH——| Fp —Fetn-h), // CYT. b | | 
=A —» CYT. C — CYT. a-Cu — +02 
SUCCINATE—feF5—Fetnh) NS CYC) | | | 


COMPLEX IL 
FTG oe 


COMPLEX II 


COMPLEX IZ 


The arrangement of the four component complexes of the electron transport chain. 


Coenzyme Q is the link between succinic-Q reductase (1) and DPNH-Q reductase (II) on the one side and QH,-c 
reductase (III) on the other. Cytochrome c is the link between III and reduced cytochrome ¢ oxidase (IV). 
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Two of the individual complexes of the 
chain (succinic-Q reductase and cytochome 
oxidase) have been isolated in a form the 
molecular weight and composition of which 
correspond closely with the molecular weight 
and composition of the pure components. For 
example, the M.W. of succinic-Q reductase 
(on a protein basis) is very nearly the same 
as that of the Singer-Kearney succinic 
dehydrogenase (36). The flavin contents are 
identical. The one point of difference is the 
presence of lipid in the former and not in 
the latter. Cytochrome oxidase comes close 
to cytochrome a in respect to both heme and 
copper content. Thus at least for succinic-Q. 
reductase and cytochrome oxidase the amount 
of residual structural protein is either zero or 
relatively small. 

However, at present both the DPNH-Q 
reductase and the QH,.-c reductases are far 
from the point where the molecular weight 
corresponds to that of the pure component. 
It must be presumed, therefore, that both 
these particles are still associated with an 
excess of structural protein (perhaps 90 per 
cent or more by weight). The question natu- 
rally arises whether recombination of the 
component complexes requires the presence 
of S.P. in at least one of the reacting com- 
plexes. Until all the complexes are available 
in a form which is free of S.P. this point 
cannot be decided. It is conceivable that all 
the complexes can eventually be prepared in 
S. P.-free form but it is not easy to predict 
whether the presence of S.P. is necessary for 
the binding of the component complexes. 
This is a key question that has to be answered 
before the next step in the analysis can be 
reached. If S.P. is not required for interac- 
tion the role of S.P. is purely that of a 
framework protein. If S.P. is repuired for 
interaction, then the role of S.P. is a dual 
one—as a framework protein to which the 
chain is attached and as a structural compo- 
nent of the chain itself. 


X. STACKING OF UNITS 


Since there are some 15,000 repeating 
units per mitochondrion these obviously must 


749 


be stacked or arranged in continuous tiers 
like bricks in a wall. It is known that when 
electrons originate by way of succinate or 
DPNH all the cytochromes in the chain are 
reducible. Thus there is lateral electronic 
communication at least of the succinic and 
DPNH complexes. Particles can be prepared 
which show succinic-Q reductase activity and 
no DPNH-Q reductase activity, and vice versa. 
Yet as long as there is the merest trace of 
one or the other activity in a particle, com- 
plete reduction of the cytochromes can be 
effected by the addition of the substrate for 
the deficient activity. The only way this type 
of result can be explained is to assume that 
there is a mechanism by which electrons 
entering the relatively few intact chains in 
the particle can eventually radiate in all 
directions and reduce all the cytochromes in 
each of the chains whether or no the chain 
is complete. This mechanism is probably 
the diffusion of small molecules like coenzyme 
Q within the lipid medium which encom- 
passes all chains in the particle. Any model 
of the stacking of mitochondrial units (cf Fig. 
4) must account for this phenomenon of the 
intercommunication of chains. 


a 
=—— 
=e 
<S 
= 
SS 
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Fic. 4. Diagrammatic representation of the 
stacking of the repeating units within the crista 
and limiting membrane of a mitochondrion. 


Assuming that the mitochondrial unit 
has the dimensions of that of ETP, 7.¢, a 
cylinder of 445A length and 100A diameter, 
and that the additional components such as 
the dehydrogenating complexes do not modify 
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the basic geometry of the unit, the question 
arises whether such a unit is compatible with 
the structural arrangement of the mitochon- 
drion revealed by electron microscopy. The 
cristae are in effect three-banded membranes 
of 60, 70 and 60A width, respectively (total 
width 190A) (87, 38) as shown in diagram 2 
below : 


Y crate rt ca cok 
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“wp ind 


DriacRAM 2 


Such dimensions would permit the above 
postulated unit to fit snugly within this mem- 
brane system as shown in diagram 3 below: 


(LLL 
\ WHEEL. 


400~500A 


Dracram 3 


According to this interpretation the electron 
clear layer between the electron dense layers 
would contain elements of the unit which 
are of different composition than the elements 
in the electron dense layers. It is very prob- 
able that this layer of low electron density 
is the locale of lipid (¢f. diagram 4): 


400~S00A 
lipid 
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Driacram 4 


It will be noted that this method of stacking 
of units within the crista provides an internal 
lipid phase in which lipid soluble components 
hke coenzyme Q have access to all units 
abutting on this phase. 

The external membrane of the mitochon- 


50A S0A SOA 
Dracram 5 


drion has a three-banded arrangement of 
membranes similar to that of the crista but 
the dimensions are somewhat smaller (37, 38) 
(¢f. diagram 5): 

The accommodation of the 400 A—100 A unit 
to the dimensions of the outer membranes 
would pose a problem because the paired 
units would be 50A wider than the overall 
width of the membrane. It has to be borne 
in mind that the isolated unit of ETP may 
have undergone distortion leading to an in- 
crease in the shorter dimension and a decrease 
in the longer dimension. The discrepancy, 
therefore, may not be a serious one. 

If we assume that the cristae extend from 
the outer membrane on one side of the mito- 
chondrion to the outer membrane on the 
other side (some 4,000 A across), then a section 
of a crista would accommodate 4,000/400 or 
roughly 10 units per wall or 20 units for both 
walls. 


XI. PAIRING OF UNITS 


The mitochondrial cristae may be des- 
cribed as flattened tubes, the structured walls 
of which are usually parallel. From the way 
in which the two walls remain parallel in 
cut sections of mitochondria despite consider- 
able distortion or displacement of the cristae 
it would appear that the two walls are 
attached to one another and that the clear 
region between the two walls is implicated 
in this attachment. We shall refer to this 
parallel arrangement of the membranous 
walls as the pairing arrangement. When 
mitochondria are converted to ETP the paired 
walls separate into particles with a single 
membrane character (cf. Fig. 5) (39). Thus 
the units of the mitochondrion and of ETP 
are probably present in each of the two 
paired walls or membranes. Oxidative phos- 
phorylation is observed only in particles which 
retain the paired arrangement of the cristae 
and coupling has yet to be found in particles 
with unpaired membrane structure. Thus 
ETPx, which is a particle with paired mem- 
brane structure, is capable of normal oxidative 
phosphorylation (13), whereas ETP, an anal- 
ogous particle without this paired arrange- 
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A PAIRED UNIT 
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Fic. 5. 
conversion of a crista with paired units to a 
membrane or particle with unpaired units. The 
uppermost diagram shows a portion of a mito- 
chondrion, and the segment of one of the cristae 
which is outlined by the rectangle is blown up 
in greater detail in the diagram just below. The 
The two walls 


Diagrammatic representation of the 


blocks represent individual units. 
of the crista can be separated and when separa- 
tion is complete the paired arrangement of units 
is lost. ETP is a particle which still retains the 
paired arrangement of units whereas the particles 
of ETP do not. 


ment, is lacking or deficient in this property. 
The precise implication of the paired arrange- 
ment has yet to be understood but it probably 
is related to the devices by which factors 
concerned in the coupling process are retain- 
ed within the space enclosed by the paired 
membranous walls. There is no reason to 
suspect that the units of ET Pu are qualitative- 
ly different from those of ETP. Perhaps the 
addition of the appropriate factors to ETP 
would be sufficient to restore the capacity for 
oxidative phosphorylation. 


XII. MECHANISM OF ELECTRON FLOW 
The concept of the electron transport 


chain as a composite of four complexes align- 
ed in a definite sequence and imbedded within 
a structural protein-lipid network raises the 
question of how electrons can move within 
such an array. Considering the nature of the 
hydrophobic bond it is inconceivable that the 
individual components within the complex 
can enjoy freedom of rotation and translation. 
Then how do electrons move within a single 
complex and from one complex to another ? 

The problem between complexes is the 
easier to resolve. Coenzyme Q and cyto- 
chrome ¢ are lipid-soluble molecules which 
are readily extractable from particles and 
which are clearly capable of movement within 
the lipid phase of particles. These could serve 


Thiamine 
pyrophosphate 


SH 


Vicinal dithiols 


Fic. 6. Diagrammatic representation of the 
excursion described by the flexible arm of lipoic 
acid which permits the successive interaction of 
this coenzyme with thiamine pyrophosphate, CoA 
and enzyme dithiol. Each of these four prosthetic 
groups is localized in a different region of the 
a-ketoglutaric or pyruvic dehydrogenase complex. 
The various circles represent the area covered by 
the respective coenzymes—the large circle in the 
center of the diagram (of diameter 17 A) being 
the area of revolution of lipoic acid (represented 
by the open 5-membered ring terminating in two 
sulfhydryl groups). 
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Fic. 7. A schematic representation of the 
central role which lysine-bound lipoic acid may 
play in the a-ketoglutaric dehydrogenase complex 
drawn to molecular scale. 

Region A: a-Ketoglutrate reacts with thiamine 
pyrophosphate (TPP) to form the succinsemialde- 
hyde adduct of TPP with release of CO,. Region 
B: Oxidized lipoic acid interacts with the succin- 
semialdehyde adduct of TPP to form succinyl 
lipoic acid and TPP. Region C: Succinyl lipoic 
acid reacts with reduced CoA to form succinyl 
CoA and reduced lipoic acid. Region D: Reduced 
lipoic acid reacts with an enzyme-bound disulfide 
group to form oxidized lipoic acid and reduced 
dithiol. 
acid. Region E: Electrons are transferred from 
reduced dithiol (of the lipoic dehydrogenase) to 
FAD, and from FAD to DPN. 


This completes the cycle involving lipoic 


as mobile links in the chain—coenzyme Q 
between the Q reductases and QH,-cyto- 
chrome c reductase, and cytochrome c¢ be- 
tween QH),-cytochrome ¢ reductase and re- 
duced cytochrome c oxidase (40). In a similar 
manner DPN could serve as the mobile link 
between the dehydrogenating complexes and 
DPNH-O reductase (cf Fig. 3). The amount 
of translation required to effect this linking 
of complexes need not be extensive. All that 
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is needed is translation from the reducing 
site to the oxidizing site which could be 
reasonably close together. 

The problem of electron flow within 
complexes has proved to be much more 
baffling. But it is possible that an hypothesis 
by Bock and Criddle (4/) for the mecha- 
nism of electron flow through the a-ketoglutar- 
ic complex (¢f. Fig. 6~8) may well provide 
a model for electron flow through fixed 
complexes generally. 


Fic. 8. Scale diagram illustrating the pos- 


sibilities for collision between bound coenzymes 
attached to widely spaced points on the surface 
of the a-ketoglutaric dehydrogenase complex. 
The following are the keys to the various symbols: 

A—thiamine pyrophosphate, B—lipoic acid 
bound to the epsilon amino group of lysine, 
C—coenzyme A, D—FAD, E—DPN. 

Radii of the five circles represent the distance 
between the functional group of the coenzyme and 
its point of attachment to the enzyme. It is as- 
sumed that A is bound to protein via the pyro- 
phosphate group, B via the carboxyl of lysine 
and C, D and E via adenine. The protein is 
drawn to scale assuming a molecular weight of 
80,000 for the lipoic dehydrogenase and 200,000 
for the rest of the a-ketoglutaric dehydrogenase. 
The volume assigned to protein includes water ot 
hydration equal to 50% of the weight of protein. 
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The essence of the Bock-Criddle hy- 
pothesis is that electron flow within complexes 
is achieved by the fluctuation of oxidation- 
reduction prosthetic groups which are attached 
to the protein by flexible molecular arms 
such as lysine or ribosephosphate. These 
flexible functional groups in effect bring all 
the prosthetic groups within range for reaction 
and thus electron flow can proceed expedi- 
tiously within a complex by prosthetic group- 
prosthetic group interaction without it being 
necessary to invoke any relative movement 
of the component proteins. 

Evidence is steadily accumulating that 
rapid electron flow can take place in interact- 
ing organic and inorganic systems without 
classical molecular collision having to be in- 
voked. The tunneling effect in semiconductor 
systems (#2) and the effect of bridge atoms 
in the interactions between inorganic metallo 
complexes (43) point to phenomena which 
may well have some applicability to the 
electron transport chain. Thus the abandon- 
ment of molecular collision as an explanation 
of electron transport in the mitochondrial 
system does not necessarily lead to an impasse. 


APPENDIX 


I. Calculation of the Particle Weight of ETP— 
Proteins generally have a partial specific 
volume (V) of 0.75 which corresponds to a 
value for the density (e) of 1.33 (44) since 
p=1/V. The value of p for phospholipid is 
assumed to be about 0.9 at 0°C (45). Since 
lipid (predominantly phospholipid) accounts 
for 30 per cent of the dry weight of ETP, the 
averaged value for pg should be equal to 
(1.33 x 0.7+0.9 x0.3), i.e, 1.2. 

The relation between particle weight 
(M.W.) in g. and volume (V) expressed in 
cm.’ and as g. per cm.° is given by formula 
CDE 

M.W.=NaxVxe CED) 

In section IV of the text it was assumed 
that the volume of ETP is intermediate 
between that of a cylinder with /=450 A and 
d=150 A and that of a cylinder with /=450 
A and d=100 A. The volume of a right 
circular cylinder (V) is given by formula (8): 


V=r'7l (8) 

If 7 and d are expressed in cm. the volume 
of the larger cylinder is 8.5x10-!8cm.? and 
that of the smaller cylinder is 3.5x10-!8cm.? 
Substituting these two values for V in formula 
(7), the particle weight is 6.1x10%g. for the 
larger cylinder and 2.5 10°g. for the smaller 
cylinder. Assuming a value for V intermediate 
between these two respective values, i.¢., 
V=6x10"'8cm.’, the value for the particle 
weight of ETP comes to ca. 4x 10%g. 

Il. Number of Mitochondria per Unit Wei ght— 
As an alternative to the method of direct 
counting for estimating the number of mito- 
chondria per unit weight an effort was made 
to arrive at this number from the quotient : 

ae (9) 
where Vw is the volume in cm.’ occupied by 
Img. of mitochondria and Vy is the volume 
in cm.’ occupied by a single mitochondrion. 
Vu has already been estimated to be 
4.4x10-%cm.? when mitochondria are sus- 
pended in 0.25 M sucrose [cf. Section VII 
and formula (6)]. It now remains to evaluate 
Vw. 

When a mitochondrial suspension is cen- 
trifuged in a high centrifugal field long 
enough so that the volume of the sedimented 
pellet does not decrease any more with further 
centrifugation, it may be assumed that maxi- 
mal packing has been achieved. In 0.25 
sucrose, ultracentrifugation does not lead to 
orientation of the particles, and, therefore, it 
must be presumed that in the pellet the par- 
ticles are arranged randomly. When we speak 
of maximal packing we are not referring to 
the kind of packing which can be achieved 
with oriented particles arranged to minimize 
the proportion of trapped water in the inter- 
stices, but rather to the maximum achievable 
in a sedimented pellet in which there is a 
random arrangement of particles. It is not 
easy to compute theoretically the ratio of 
mitochondrial volume to the volume of trap- 
ped water in a pellet with non-oriented 
particles. If we assume that the mitochondrial 
particles although randomly arranged can, by 
virtue of their flexibility, approach the tight- 
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sucrose) according to diagram 6 shown below: 


SIDE VIEW 


FRONT 
VIEW 


Dracram 6 


ness of packing which can be achieved by 
layering one particle above or below another 
in regular rows, then it is possible to compute 
the true mitochondrial volume in a sediment- 
ed pellet. Given the layering of prolate 
spheroids (shape of mitochondrion in 0.25 
then the volume of the rectangular parallelo- 
piped which exactly envelopes the prolate 
spheroid is given by the equation: 
Vp=2a X (2b)? = Bab? (10) 

where V, is the volume of the parallelopiped 
in cm.* and a and b are the long and short 
axis of the prolate spheroid in cm. Given 
a=—O0x%10- cms vandsebh=4x107 ems Vy “is 
equalito -8:3x10" em? The ratio! Ve: Vix 
multiplied by 100 represents the percent of 
the pellet volume occupied by mitochondria. 
For V,=83x10-%cm.3 and Vy=4.4x 10-8 
this percentage comes to about 50 per cent. 
In other words, trapped water accounts for 
50 per cent of the total volume of the pellet, 
and packed mitochondria for the rest. 

It is possible to achieve a higher percen- 
tage of trapped water (75%) by lining up 
particles at a 90° angle with respect to one 
another. However, the likelihood of such an 
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orientation of particles in a high centrifugal 
field would be very small. It is also possible 
to achieve a lower percentage of trapped 
water (ca. 25%) by lining up particles diago- 
nally, instead of horizontally, but this type 
of orientation would be far removed from the 
experimental situation of a pellet with ran- 
domly oriented particles. 

The estimate that 50 per cent of the total 
volume of the pellet obtained by prolonged 
high speed centrifugation of a mitochondrial 
suspension is accounted for by the mitochon- 
dria agrees well with what can be measured 
in electron microscope photographs of fixed 
preparations of such pellets. Planimetric 
measurements bear out the 1:1 volume ratio 
of trapped water : mitochondria. 

Ill. The Ratio of the Volume of Structured 
Elements in a Mitochondrion to the Total Mito- 
chondrial Volume—The mitochondrion may be 
considered to be a composite of structured 
elements and spaces between these elements 
(of. diagram 7): 


eh eae a= Ve 
Ve = Ec = ENT; 


Vs= EVs =E01 di 


Va= VotVe + Vs 


Dracram 7 


The formula below expresses this relation: 
Vu=VotVs+Vo (1) 
where Vy is the volume of the mitochondrion 
in cm.?, Vo, the volume of the outer or limit- 
ing membrane, Vs, the volume of the spaces 
between cristae and Ve the volume of the 

cristae. 
Vo may be computed by the formula: 
Vo=2arld (12) 
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where r is the short axis of the mitochondrion 
(in cm.), J, the long axis, and d is the thick- 
ness of the outer or limiting membrane. Since 
d is 1.5x10-cm. and r=2x 10-5 cm., the error 
involved in using r instead of r—d would be 
minor compared to other possible uncertain- 
ties. Using the above values for d and r and 
a value of 1.6x10-‘cm. for J, Vo comes to a 
value, of 3.2 10-“ cm. 

V» has already been computed for mito- 
chondria in 0.25M sucrose. But for our pur- 
pose it is necessary to know the value of Vx 
for mitochondria in situ, i.e., non-swollen 
mitochondria with the dimensions /=1.6 x 10-4 
cm. and r=2x10->cm. Assuming that beef 
heart mitochondria im situ conforms in shape 
to a right circular cylinder, Vy can be com- 
puted by formulas (13) and (16) in Appendix 
IV and this comes to 1.8x10-!%cm.? 

Now it remains to determine the ratio 
of Vs: Vc. By electron microscopic examina- 
tion of fixed sections of mitochondria in heart 
muscle it is possible to determine directly the 
ratio of Vs to Vc. For the purposes of this 
type of measurement the internal cristae 
should be well preserved; they should be of 
uniform thickness and arranged in closely 
parallel formation preferably at right angles 
to the outer or limiting membrane. Measure- 
ment has shown that in a mitochondrion of 
16x10-*cm. in length there are 40 cristae 
from one end to the other (a proportionately 
smaller number in a shorter mitochondrion). 
The overall thickness of the individual cristae 
is taken to be 190A (37, 38). Thus in the 
long axis of the beef heart mitochondrion 
(1.6x10-4cm.) there are 40 cristae, each of 
1.9x10-® in width (cf. diagram 7). The con- 
tribution of the outer or limiting membrane 
to the overall length (2*1.5x10-°cm. com- 
pared to 1.6x10-*cm.) is small enough to be 
neglected. The ratio: 


40x 1.9 10-® 


1.6x 10-4 


is a measure of the proportion of the total 
interior volume occupied by the structured 
elements (cristae) and this value comes to 
about 0.5. Since [Vc+Vs] is equal to 1.5x 
10-43 cm.*, Vc and Vs are equal to 7.5x 107 


cm.® and the sum of Vo and Vs is 1.1 x 107". 

IV. Volume of Mitochondrion in situ—The 
mitochondrion in heart muscle tissue conforms 
to the shape of a right circular cylinder with 
rounded ends at both extremities. The 
volume of the mitochondrion may be repre- 
sented (see diagram 8) as the sum of the 
volume of the cylinder (Vey:,) plus the volume 
of a sphere (Vsp,) (made up of two halves, 


€---2T--9% 


e--------te---------9? 


Diacram 8 
each from one of the extremities) : 
Vu=V cyl.+V sp. (13) 
If /=1.6x10~* cm-and:r=2<1075 cmAandisub- 
stituting in formula (14) 
(14) 
it follows that Vy equals 1.8x 10-!?cm.? 


Vur=r'x (I—2r) +4 on 


SUMMARY 


1. The following numbers have been 
calculated : 

(a) the particle weight of ETP—4x 10%. 
from composition data, 3—6x10°g. from 
electron micrograph measurements and 
computations, and ca. 3x10°g, from 
measurement of sedimentation coefficient 
assuming a value of 1.5 for the frictional 
coefficient ; 

the volume of the heart mitochondria 
in situ—O0.2 3 and in 0.25 M sucrose—0.41 ; 
the number of mitochondria per mg. 
mitochondrial protein—9 x 10° by direct 
count and by computation of the volume 
of a single mitochondrion in 0.25. suc- 
rose and of the volume contribution of 
mitochondria in a tightly packed pellet ; 
the number of repeating units in a single 
mitochondrion—17,000 from composition 
data, and 18,000 from electron micro- 
graph data; 

the number of units in a transverse sec- 


(b) 
(c) 


(d) 


(e) 
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(f) 


$ 
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tion of a crista (4,000 A across)—10 in 
each wall; the number in the entire 
crista—about 300; 

the dimensions of ETP—a right circular 
cylinder in the range between 450 x 150A 
and 400 100A with a volume of 6x 10-8 
cm.’ (determined by calculation from the 
relation between particle weight and 
volume). 


2. A unit of the dimensions of ETP can 


readily be accommodated into the membrane 
structure of the mitochondrion. 


3. Some proposals for the mechanism of 


electron transport within and between the 
complexes of the electron transport chain have 
been outlined. 
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Zur Biosynthese der Terpene XIV 
Zur Bestimmung von Phosphomevalonsaure-Kinase und 
Pyrophosphomevalonsaure-Decarboxylase in Zellextrakten. 


Von 
M. Tapa und F. Lynen 


(Aus dem Max-Planck-Institut fiir Zellchemie, Miinchen, und dem Chemischen 
Laboratorium der Universitat Miinchen, Institut fiir Biochemie) 


(Der Schriftleitung zugegangen am 19, Mai 1961) 


In den letzen Jahren konnte die Biosyn- 
these des Squalens, das als Vorstufe des 
Cholesterins und seiner Umwandlungspro- 
dukte im _ biochemischen Geschehen der 


der Mevalonsaure im Laboratorium von K. 
Folkers (/), die Identifizierung des seit 
langem gesuchten “aktiven Isoprens” mit 
Isopentenylpyrophosphat, die gleichzeitig im 


co, £-Methyl-crotonyl-CoA ~—— Isovaleryl-CoA =- ~— Leucin 


PAGINE 
INDIO Ge 12 


B-Methylglutaconyl-CoA 


H,O 
2 TPNH ATP 
i -8-methyl- 
é pecan " Mevalonsaure Mevalonsaure-5- P 
2 TPN + ADP ATP 
ADP 
Acetacetyl-CoA Mevalonsaure-5-PP 
oo ATP 
ACETYL-CoA co; 
| ae ISOPENTENYL-PP 
Kohlenhydrate, Fett  Essigsaure | 
Dimethylallyl-PP 
Gerany]-PP 
TPNH 
Cholesterin —- ~- — SQUALEN aaa Farnesyl-PP 
TPNt 


Abb. 1. Die Biosynthese des Squalens aus Acetyl-CoA oder Leucin 


Saugetiere und des Menschen eine wichtige 
Rolle spielt, aufgeklart werden. Meilensteine 
in dieser Entwicklung waren die Entdeckung 


Arbeitskreis von Bloch @io3). and Bain 
unserem Arbeitskreis (4) gelang, und die 
damit zusammenhangende Entdeckung der 
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Allylpyrophosphate als alkylierende Agentien 
(4, 5). Das Resultat dieser Untersuchungen 
ist eine liickenlose Reaktionsfolge, durch 
welche sich die Umwandlung der Essigsdure 
uber Acetyl-CoA oder des Leucins iiber [- 
Methylcrotonyl-CoA in Squalen beschreiben 
lasst (5). Sie ist in Abb. 1 schematisch wie- 
dergegeben. 

Mit der Aufklarung dieser Reaktionsfolge 
bietet sich nun die Moéglichkeit, die Frage 
nach der biologischen Regulation der Squal- 
ensynthese experimentell zu bearbeiten, was 
wegen der méglichen Beziehungen zwischen 
Cholesterinsynthese und Arteriosklerose auch 
von der medizinischen Seite aus, Interesse 
verdient. Wir haben uns deshalb um die 
Ausarbeitung von Methoden bemiht, mit 
denen die einzelnen Enzyme dieser Reaktions- 
folge nachgewiesen und quantitativ bestimmt 
werden kénnen. Dabei kam es uns darauf 
an, Methoden zu finden, die auch auf rohe 
Zell- oder Organextrakte anwendbar sind 
und auch dort zuverlassige Werte liefern. 
Wir beschreiben im folgenden eine einfache 
Methode zur Bestimmung von _ Phospho- 
mevalonsaure-Kinase (6-8) und Pyrophospho- 
mevalonsaure-Decarboxylase (6, 7), jener 


CH, 


Transphosphorylierung zwischen ATP und 
5-Phosphomevalonsaure, gemass Gleichung 1, 
das zweite die an die Spaltung des ATP zu 
ADP und Orthophosphat gekniipfte Dehyd- 
ratisierung und Decarboxylierung der 5- 
Pyrophosphomevalonsaure zu A*-Isopentenyl- 
pyrophosphat nach Gleichung 2. Den detail- 
lierten chemischen Mechanismus dieser 
interessanten Reaktion konnten die Untersu- 


chungen des Bloch’schen Arbeitskreises 
aufklaren (6,9). Bei den bisher beschriebenen 
Methoden zur quantitativen Bestimmung 


dieser Enzyme wurde jeweils die ADP- 
Bildung zur Grundlage eines optischen Tests 
gemacht (6-8). Man koppelte die zu messende 
Reaktion in bekannter Weise mit den Reak- 
tionen der Pyruvatkinase und Lacticodehy- 
drogenase und verfolgte den der ADP-Bildung 
entsprechenden DPNH-Verbrauch im Spekt- 
ralphotometer bei 340 bzw. 366 my. 

Ein Nachteil dieser eleganten und nur 
geringen Zeitaufwand erfordernden optischen 
Methode, ist ihre Anfalligkeit fiir stérungen 
durch Nebenreaktionen, die beim Arbeiten 
mit rohen Zellextrakten so stark ins Gewicht 
fallen, dass die zu bestimmende Reaktion fast 
immer vollkommen uberschattet wird. Die 


| | L 
(1) Galea ge he Ose BAF OO CH LOROMHNDE 


OH 


| 


OH 


CH, 


Z | E 
(2) -OOC-CH,-C-CH,-CH,-OP,O,7 + ATP—>CO,+ CH, = C-CH,-CH,-OP,O,> +ADP + Pi 


OH 
O- OH Or 1O)= 
| | as eh ea : 
(3) -O-P-O-CH-CH,-C-CH,;-C#OO- +2 ATP——-O-P-O-P-O-CH,CH,-C=CH,+C#O,+2 ADP+ Pi 
| | eae 
O CH, Os © CH, 


beiden Enzyme durch deren TAtigkeit unter 
Mitwirkung von ATP 5-Phosphomevalonsaure 
iiber 5-Pyrophospho-mevalonsaure in A*-Iso- 
pentenyl-pyrophosphat umgewandelt wird. 
Das erste Enzym katalysiert die reversible 


optische Methode its deshalb im allgemeinen 
erst nach einer gewissen Vorreinigung der rohen 
Enzymlésung anwendbar. 

Diese Schwierigkeit entfallt bei einer 
Methode, deren Grundlage die Messung der 
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Freisetzung von radioaktivem CO, aus 1- 
C'4-Mevalonsaure-5-phosphat_ darstellt*, die 
bei der Umwandlung in A*-Isopentenyl-pyro- 
phosphat nach Gleichung 3 eintritt. 

Fiir diesen Prozess sind beide Enzyme 
erforderlich, so dass sich nach Zusatz eines 
der beiden Enzyme in grossen Uberschuss der 
unbekannte Gehalt eines Zellextrakts an dem 
anderen Enzym ermitteln lasst. 


nish 


Co 
= 
+2} 
© 400 
al 
3 
2) 
Ao} 
= 300+ 
ae! 
£ 200 
£ 1 
SS 
a 
Ee 100F T 
Kinase (11) 
io 1S 20 30 
100 fe) 300 
ug. Decarboxylase (1) 
Abb. 2. Bestimmung von Phosphomevalon- 


sdure-Kinase und Pyrophosphomevalonsaure-Decar- 
boxylase. 
Im Gesamtvolumen 0.6 ml. waren enthalten: 
20 uMol  Tris-Puffer, pH8.0; 6u~Mol Mg-K,- 
athylendiamin-tetraacetat; 6 yMol MgCl,; 2 uMol 
ATP; 0.1 wMol 1-C!4-Mevalonsaure-5-Phosphat 
(1.000 Imp./Minute); Img. Serumalbumin und 
in I: 507 Phosphomevalonsdure-Kinase und 
die auf der Abszisse angegebenen Mengen 
Decarboxylase. 
in II: 200 7 Pyrophosphomevalonsdure-Decar- 
boxylase und die auf der Abszisse angege- 
benen Mengen Kinase. 
Nach 30 Min. Inkubation bei 37°C wurde die 
Radioaktivitat der angesduerten wAssrigen Losung 
gemessen (Ordinate). 


In Abb. 2 sind zwei Versuchsreihen 
wiedergegeben, wobei in der ersten ein 
Uberschuss an Phosphomevalonsaure-Kinase 
und wechselnde Mengen Pyrophosphomeva- 


lonsaure-Decarboxylase eingesetzt wurden 


* Diese Methode stammt von HENNING et al. 
(7), die sie bei Untersuchungen iiber die Pyrophos- 
phomevalonsaure-Decarboxylase anwendeten. 


(Kurve I), in der zweiten hingegen ein 
Uberschuss an Decarboxylase und wechselnde 
Mengen Phosphomevalonsaure-Kinase (Kurve 
II). Die Decarboxylierung des als Substrat 
eingesetzten 1-C'4-Mevalonsaurephosphats 
lasst sich aus der nach der Inkubation noch 
vorhandenen, beim Eindampfen eines ali- 
quoten Teils der zur Entfernung des CO, 
angesauerten Reaktionsmischung zuriickblei- 
benden Radioaktivitat berechnen. 

Als 1m Einheit Enzym wurde diejenige 
Menge Enzym definiert, die unter den Be- 
dingungen der Aktivitatsbestimmung 1 myMol 
Substrat/Minute umsetzt. 

Mit Hilfe dieser Methode konnte die 
Anreicherung der aus Hefeautolysaten in 
Anlehnung an die Vorschrift von Henning 
et al. (7) gereinigten Phosphomevalonsdure- 
Kinase bestimmt werden. Das Ergebnis dieser 
Messungen ist in Tabelle I wiedergegeben. 


TABELLE I 


Reinigung der Phosphomevalonsdure- 
Kinase aus Hefe 


Spezifische ae ae 
Protein |, Aktivitat | eit a. 
Gaee (mEinheiten/) 408 %) 
P| eng, Protein?) a eee 
Hefeautolysat | 
(aus 200g. Hefe)} 7200 3.3) (100) 
Acetonfallung 3600 9 | 66 
Nach Ansduern 
auf pH 5.5 640 20 | 53 
Eluate des (1.) 63 | 67 | 55 
Al(OH);-Gels__| (2.) 30 100 


1) 1 m Ejinheit Enzym setzt unter den 
Bedingungen der Eezymbestimmung | myMol 5- 
Phosphomevalonsaure/Minute um. 


Wie man daraus entnehmen kann, waren die 
gereinigten Enzympraparate 20-30 mal aktiver 
als der rohe Hefeextrakt. 

Eine weitere Untersuchungsreihe war der 
Frage nach der Verteilung der beiden Enzyme 
in den verschiedenen Fraktionen eines Le- 
berhomogenats gewidmet. Wie Popjak et 
al. (10) bei Untersuchungen an den in der 
Zentrifuge aufgeteilten Leberextrakten fanden, 
sind fiir die Squalensynthese aus Mevalon- 
saure lésliche Enzyme des Uberstandes und 


Zur Biosynthese der Terpene 761 


die Mikrosomen erforderlich. Die Auswertung 
beider Zellfraktionen ergab, dass Phospho- 
mevalonsaure-Kinase und Pyrophosphomeva- 
lonsaure-Decarboxylase im Uberstand enthal- 
ten sind (Tabelle II). Die geringen Mengen 


PABELLE UI 


Enzymverteilung in der Leber 


Substratkonzentrationen des Standardansatzes 
vel. S. (762), 
‘ m/#Mol 1-C!4-Mevalon- 
emgesc Zt | sdure decarboxyliert 
Uberstand (=1 mg. Protein) 65 
uv ~=69+-50 7 Kinase | 65 
~~ +200 7 Decarboxylase | 125 
Mikrosomen (=2.6 mg. Protein) | 0 
Wt ~=69+50 7 Kinase 0 
+200 7 Decarboxylase | 10 


Phosphomevalonsaure-Kinase, die in der 
Mikrosomenfraktion gefunden wurden, sind 
wahrscheinlich auf geringe Mengen Uberstand 
zurtickzufiihren, die den Partikeln noch an- 
hafteten. 


TABELLE III 


Einflu8 von ATP auf den Phosphomevalonsdure- 
Verbrauch im Leberextrakt 
20 uMol Trispuffer, pH 8.0, 6 yMol MgCl, 3 uMol 
ATP, 0.1 ~Mol 5-Phospho-1-C!4-Mevalonsaure mit 
Leberextrakt 0.05 ml. (=1.1 mg. Protein) im Gesamt- 


volumen 0.6 ml.; 3 Stunden come bei 37°C inkubiert. 


Phil Pidicl evelort: 
| saure verbraucht 
| 


Kompletter Ansatz 88 
ohne ATP | Zz 
ohne Mgt+ 40” 


a) Es ist zu beriicksichtigen, dass bei der 
Bereitung des Leberextrakts eine Mgtt-haltige 


Pufferlésung verwendet wurde. 


Die Genauigkeit der Enzymbestimmung 
liesse sich durch eine Anordnung, bei welcher 
das aus dem radioaktiven Substrat freigesetzte 
CO, aufgefangen und gemessen_ wird, 


wahrscheinlich noch erhéhen. Wir haben 
uns jedoch in der vorliegenden Untersuchung 
auf Grund der einfacheren Versuchstechnik 
mit der Bestimmung der nach dem Inkubieren 
der Reaktionsmischung noch _ verbliebenen 
Radioaktivitat begniigt. 

Bei dieser Arbeitsweise its eine eventuelle 
phosphatatische Spaltung des Substrats als 
Fehlerquelle zu beriicksichtigen. Dabei wiirde 
1-C'4-Mevalonsaure entstehen, die bei der 
Vorbereitung der Probe zur Radioaktivitats- 
messung im Gegensatz zum Phosphorsdure- 
ester teilweise verloren gehen konnte (//). 
Diese Fehlerquelle lasst sich eliminieren, indem 
man einen Kontrollversuch mitlaufen asst, 
der alle Komponenten mit Ausnahme von 
ATP enthalt. In Abwesenheit von ATP ist 
die Umwandlung der 5-Phospho-mevalonsaure 


TABELLE IV 
Der Enzymgehalt verschiedener Rattengewebe 


Aktivitatsbestimmungen vgl. S. (762), wobei der 
Radioaktivitatsunterschied zwischen Ansatzen mit und 
ohne ATP ausgewertet Die Zahlen der 
Tabelle geben die spezifischen Aktivitaten an: d.h. 
a Tecate ae /mg. Protein des Zellextrakts. 


wurde. 


Gewebe Ehosp homevalon- oti eplopig 
saure-Kinase Decarboxylase 

Gehirn 0.28 0.22 
Darm 0.09 0.20 
Leber 1.28 | 0.44 
Skeletmuskel 0.07 0.14 
Niere 0.03 0.02 
Hoden 0.03 0.03 
Milz 0.01 | 0.01 
Herz 0.02 0.02 
Lunge 0 0 
Haut 
Hefet! | 3.7 | 4.7 


1) ieee am Ries (Toluol). 


in A*-Isopentenyl-pyrophosphat unterbunden, 
so dass dann nur die phosphatatische Spaltung 
fiir einen eventuellen Radioaktivitatsverlust 
verantwortlich sein kénnte. 

Wie die Versuchsreihe mit rohem Leber- 
extrakt (Tabelle III) zeigt, verschwindet 
jedoch ohne ATP-Zusatz kaum radioaktive 
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5-phosphomevalonsaure aus der wasserigen 
Phase. Die phosphatatische Spaltung des 
Substrats fallt somit in diesem Material 
neben der Decarboxylierung bei ATP-Gegen- 
wart nicht ins Gewicht. Um aber auch bei 
anderen Geweben diese Fehlerquelle mit 
Sicherheit auszuschalten, haben wir bei der 
Untersuchung des Enzymvorkommens in 
verschiedenen tierischen Geweben, der Bere- 
chnung der Enzymaktivitaten jeweils den 
Radioaktivitatsunterschied zwischen den An- 
satzen ohne und mit ATP zugrundegelegt. 
Die auf diese Weise ermittelten Aktivitatswerte 
verschiedener Rattengewebe sind in Tabelle 
IV. zusammengestellt. Bemerkenswert ist der 
relativ hohe Enzymgehalt des Gehirns, das 
unter den gepriiften Geweben gleich nach 
der Leber kommt. Die Enzymaktivitat aller 
Organextrakte wird jedoch von denen des 
Hefeextrakts betrachtlich tibertroffen, so dass 
Hefe tatsachlich ein geeignetes Ausgangs- 
material zur Darstellung der beiden Enzyme 
ists (6507): 


EXPERIMENTELLER TEIL 
5-Phospho-1-C'4-Mevalonsdure 

Henning et al. (7). dargestellt. 

5-Phospho-mevalonsdure-Kinase aus 


wurde nach 


Hefe 
wurde in Anlehnung an die Vorschrift von 
Henning ¢ al. (7) gereinigt. 200g. Backer- 
hefe (Hefefabrik Oberkotzau) wurden auf 
37°C. erwarmt, mit 12ml. Toluol versetzt 
und 45 Minuten bei dieser Temperatur 
gehalten. Nach Versetzen mit 10 ml. Wasser 
wurde das Ganze unter haufigem Umrihren 
fiir weitere 45 Minuten bei 37°C inkubiert, 
dann auf Raumtemperatur abgekihlt und 
nach Zugabe von 180ml. Wasser fiir 15-16 
Stunden der Autolyse iiberlassen, wobei 
wahrend der ersten 3-4 Stunden das pH mit 
9M KOH auf pH 7.4 nachreguliert wurde. 
Nach Abschluss der Autolyse wurden unlés- 
liche Anteile in der Zentrifuge (20 Minuten 
bei 5000 x g) abgetrennt und die tiberstehende 
Lésung mit M Essigsaure auf pH 6.3 gebracht. 
Die Fallung wurde abzentrifugiert und die 
Lésung (Volumen 225 ml.) mit 150 ml. gekiihl- 
tem (—I15°C) Aceton unter mechanischem 
Rihren versetzt. Der das Enzym enthaltende 


Niederschlag wurde abzentrifugiert und in 
40 ml. 0.005 44 K-phosphat-Puffer, pH 7.5 
gelést. Beim Ansauern der Lésung mit M 
Essigsaure auf pH 5.5 fiel Eiweiss aus, das 
abzentrifugiert und verworfen wurde. Nach 
Abstumpfen des pH mit 4 NH,OH auf pH 
6.7 und Abzentrifugieren von erneut ausgefal- 
lenem Protein wurde die Lésung (Vol. 32 ml, 
640mg. Protein) mit 22ml Al(OH);-Gel 
(Trockengewicht 320mg.) versetzt und nach 
10 Minuten langem Riihren zentrifugiert. 
Nach Entfernung des praktisch unwirksamen 
Uberstands wurde der Bodensatz mit 50 ml. 
0.1 44 K-phosphat-Puffer, pH 7.5, gewaschen 
und die Enzymaktivitat durch 3-malige 
Behandlung mit je 10 ml. 0.544 K.HPO,-Los- 
ung eluiert. 

Proteingehalt und Enzymaktivitaten der 
einzelnen Reinigungsstufen sind in Tabelle 1 
zu finden. 

Gereinigte Pyrophospho-mevalonsdure-Decar- 
boxylase aus Hefe wurde nach einer bisher 
unverdffentlichten Methode von Henning 
dargestellt. 100ml. Hefe-Autolysat (wie zur 
Isolierung der Kinase bereitet; 2.3g. Protein) 
wurden bei 0°C mit M Essigsaure auf pH 6.3 
gebracht und mit 43 ml. tiefgekiihltem (— 15°C) 
Aceton unter mechanischem Riihren versetzt. 
Der nach Abtrennen des Niederschlags in der 
Zentrifuge verbliebenen iiberstehenden Lésung 
(120ml.) wurden weitere 69 ml. Aceton unter 
Kihlung zugesetzt. Der Niederschlag wurde 
bei —10°C abzentrifugiert, in 25 ml. Wasser 
aufgenommen und die Lésung 6-7 Stunden 
lang gegen dest. Wasser dialysiert. Der dia- 
lysierten Enzymlésung (26ml.; 935mg. Protein) 
wurden 93.5mg. neutralisierte Hefenukleinsaure 
(25g. Hefenukleinsaure, Merck, in 1 Liter 
Wasser gelést und mit 2 NV KOH neutralisiert) 
zugefiigt und die Mischung unter intensivem 
Rihren mit M EssigsAure vorsichtig auf pH 
4.75 (Glaselektrode) gebracht. Nach 30 Minu- 
ten wurde der Niederschlag abzentrifugiert 
und die klare iiberstehende Liésung mit M 
TRIS auf pH 6.7 abgestumpft. Die Lésung 
wurde im Wasserbad fiir 1 Minute auf 50°C 
erhitzt, das denaturierte Protein abzentrifugi- 
ert und der Uberstand (Vol. 28 ml.; 300 mg. 
Protein) fiir die Aktivitatsbestimmung der 
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Kinasepraparate eingesetzt. 

Als Versuchstiere dienten etwa 200g. 
schwere, mannliche Schweizer Albinoratten. 
Zum Extrahieren der Gewebe wurde 0.1 
K-Phosphat-Puffer (pH 7.4) mit 0.0314 
Nikotinséureamid und 0.00444 MgCl, (/2) 
verwendet. 

Zur Bereitung der Leberfraktionen wurde 
das Organ sofort nach Entnahme aus dem 
durch Nackenschlag getéteten Tier in eisge- 
kuhlten Puffer gegeben und durch Dekan- 
tieren vom Blut weitgehend befreit. Das mit 
der Schere zerkleinerte Material wurde dann 
mit 2.5 Volumen Puffer versetzt und unter 
Kiihlung im Potter-Elvehjem Homogenisator 
(Plexiglas) kurzzeitig homogenisiert. Zur 
Abtrennung von den noch intakten Zellen, 
den Kernen und Mitochondrien wurde 25 
Minuten lang bei 10,000 xg zentrifugiert. Die 
Mikrosomen wurden dann durch einstiindiges 
Zentrifugieren bei 100,000xg sedimentiert, 
sofort noch einmal in Puffer aufgeschlammt 
und dann wieder abzentrifugiert (1 Std. bei 
100,000 x g). 

Zur Bereitung der Extrakte aus Darm, 
Hirn, Milz und Niere wurden die Gewebe 
sofort nach dem Schlachten des Tieres in 
eisgekthlten Puffer gebracht, mit der Schere 
zerkleinert und im Potter-Elvehjem Apparat 
homogenisiert. Fir die Aktivitatsbestim- 
mungen wurde nur der in der Ultrazentrifuge 
von Partikeln befreite Uberstand eingesetzt. 
Bei der Extraktion von Herz, Skeletmuskel, 
Haut, Hoden und Lunge wurden die durch 
Zerschneiden das Gewebes in eisgekithltem 
Puffer erhaltenen Gewebestiicke zunachst im 
Morser unter Zusatz von Glaspulver zerklei- 
nert und dann erst nach Potter und Elvehjem 
homogenisiert. Der Proteingehalt der Ex- 
trakte wurde als Biuret nach Beisenherz 
et al. (13) bestimmt. 


AUSFUHRUNG DER ENZYMBESTIMMUNGEN 


20 uMol Trispuffer, pH 8.0, 6 “Mol Mg-K,- 
athylendiamintetraacetat, 6“Mol MgCl, 2 
u#Mol ATP, 0.1 »Mol 5-Phospho-1-C**-Mevalon- 
saure (1000 Imp./Min.) und 507 gereinigte 
Phosphomevalonsaure-Kinase oder 2007 gerei- 
nigte Pyrophosphomevalonsdure-Decarboxy- 
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lase wurden nach Zusatz der zu messenden 
Enzymlésung mit Wasser auf ein Gesamt- 
volumen von 0.6 ml. gebracht und 3 Stunden* 
bei 37°C inkubiert. Nach Abstoppen der 
Reaktion mit 0.1ml. 34% Trichloressigsdure 
wurde das denaturierte Protein abzentri- 
fugiert, die iiberstehende Lésung zwecks 
Entfernung der iiberschiissigen Trichlores- 
sigsaure dreimal mit je 2ml. wassergesattigtem 
Ather ausgeschiittelt und ein Aliquot der 
wasserigen Phase zur Radioaktivitatsmessung 
eingesetzt. Dazu wurde die Probe im Alumi- 
niumschalchen unter der IR-Lampe getrocknet 
und dann im Methan-Durchflusszahler (Fri- 
eseke und Hoepfner, Erlangen-Bruck) ausge- 
wertet. 

Aus der verbliebenen Radioaktivitat, 
bezogen auf die in dem Versuch eingesetzten 
Radioaktivitat, liess sich die nach Gleichung 
3 umgesetzte 5-Phospho-l-C'-Mevalonsaure 
berechnen. 
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The mechanism of oxidative degradation 
of hemoglobin (Hb)-hem to biliverdin is 
known to involve a series of oxidative reac- 
tion steps. At least two intermediates are 
formed in the iz vitro experiments; they have 
been characterized mainly by their spectro- 
scopic properties, and are the oxy(porphyrin)- 
hem-Hb** and verdohem-globin** (Lem - 
bierg, 1956 (2): 

The O' isotopic experiments were carried 
out to study the chemical mechanism of 
biliverdin formation from Hb-hem by model 
reaction(s) which, however, may differ from 
the in vivo or TPN-dependent enzymatic 
oxidation (Nakajima (2)). 

Reaction mixtures consisted of 80 ml. of 
Hb solution (100 #moles) at pH 7.6 (0.1M 
phosphate buffer) and 20ml. of neutralized 
ascorbate solution (10 moles) in 0.1 4 phos- 
phate buffer, pH 7.6. The ascorbate was 
added in 4 portions at 30 minute intervals 
from a separatory funnel, the contents of 
which were being gassed with hydrogen. At 
the end of the incubation period (2 hours) 
at 50°C, the mixture was frozen, lyophilized, 
and biliverdin isolated by the method of 
Lemberg ¢ al. (3). For the O,'* experi- 
ments the gas phase was repeatedly evacuated 


* This work was supported by a grant from the 
United States Public Health Service. ; 

** Oxyporphyrin-hem is used for the Cs,-inter- 
mediate having —OH or =O at a-methine carbon of 
hem. Verdohem stands for the C,,; compound, in 
which a-methine carbon is replaced by —O-—, but 
practically the crude cholehem obtained at the incuba- 
tion product in the model experiment is accompanied 
by biliverdin-iron globin, containing —O—H--O= 
between pyrrole rings I and IV. 


and filled with O,!8 from a reservoir***. 

The purity of labelled biliverdin isolated 
(5) and purified according to the Lem- 
berg’s method (4) was 90 to 95 per cent 
when determined spectrophotometrically at 
655 my (the absorption maximum). The shape 
of the absorption curve of O18-labelled com- 
pounds were identical with that of a standard 
biliverdin****, Contamination of the oxidized 
derivatives of biliverdin (bilipurpurins and 
biliviolins) was nil so far as the fluorescent 
test upon adding alcoholic Zn _ reagent 
(Kench (5)). 

The O*% content of the biliverdin samples 
was determined by Unterzaucher analyzer 
followed by mass spectroscopy***** of the re- 
covered carbon dioxide (6). Atom per cent 
excess of oxygen in a reservoir obtained elec- 
trolytically from H,O' was determined by 
the direct mass spectroscopic analysis*****, 

The results thus indicate approximately 
1 atom of net incorporation of O1* from 
molecular oxygen. Since the biliverdin isola- 


*** Ol8_enriched water was electrolyzed after 
metallic Li being added, and molecular oxygen 
generated was stored in an aspirator-type bottle filled 
with pure liquid paraffin and water. Hydrogen 
evolved was collected in two aspirator bottles of the 
same size as oxygen reservoir. The levels of liquid 
paraffin overlying on water were balanced from time 
to time by arranging the barrel connected to each 
bottle through their outlet mouth. 

**** Prepared by the method of Lemberg () 
from bilirubin. The fresh biliverdin was used for 
standardization of its absorption curve which was con- 
sistent with that in the references. 

HK Determined by Dr. C.C. Delwiche at the 
University of California, Berkeley. 
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TABLE I 
Analysis of O'8 Incorporated in Bilwerdin 
(A) (B) AG 
O'8 used O'8 detd. as CO,!8| O'8 incorpd. 


atom Yo excess 


atom Yo excess 


atoms per mole 


9.4, 0.68, 0.8, 
8.9, 0.77, 1.05 
8.9, 0.88, Rae 


1.0, 
O'8 incorporation was calculated according to 
the following equation: 


AVETage ..sceeeee 


poe SAD 
A 


whereby n stands for the number of oxygen atom 
in the compound tested. 


tion procedure allows exchange of solvent 
oxygen with oxygen-containing group(s), 
particularly during acetic acid treatment, 
ordinary (unlabelled) lyophilate was treated 
with a glacial acetic acid-H,O* mixture (2: 
1) to measure the extent of this exchange. 
The O'8 incorporation from water during 
acid treatment was determined as 1.2,-1.5, 
(average 1.4,) atoms per mole. 

It is thus possible that two or more atoms 
of molecular oxygen were incorporated into 
the biliverdin precursor(s) contained in the 
lyophilate, and that all but one atoms of in- 
corporated oxygen were exchanged out during 
acid treatment for purification. 

The following reaction mechanism, involv- 
ing free radical reactions, is tentatively pro- 
posed in analogy with the autooxidative 
degradation (7) of an enol compound (8). 

The indicated liberation of carbon 
monoxide has been reported by Sjoest- 
rand (9), but O'*® determination in carbon 
monoxide formed in the ascorbate model- 
reaction was not attempted because of technical 
difficulties. On the other hand, the autooxida- 
tive conversion of oxyporphyrin-hem (or 
socalled 630 my-substance of Kaziro (JO)) 
to verdohem or biliverdin-iron complex has 
been confirmed by many authors (/J). There- 


fore, the series of reactions shown in Scheme 
1 is consistent with previous observations (JJ). 


The system is under further study by electron 
spin resonance spectrometry. 


ScHEME | 
Proposed Mechanism of Autoxidation 


Of Hem at a-Bridge 


H OH 
Pim e e 
Hem 


Oxyhem 
Of Enol ( J.E.Leffler) 0 H 
W =k 
ca ° 
Mes—C == C—Mes ae 
OG" 0 
I 
eae 
(@) ae: J 
i 
ao Ca Ce one) 


Il | Verdohem 
Mes—C- a jfe—Mes 
Oo | H+ 


Ho-| >-oH Ho 


Mes — OH+CO Biliverdin 
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On the Deamination of Phosphoryl-ethanolamine 
in Rat Liver Homogenate 


As previously reported by Horie and 
Terada(Jl),and Horie (2, 3), the perchloric 
acid extracts from liver of rats injected in- 
traperitoneally with P®-inorganic phosphate 
were found to contain radioactive phosphoryl- 
ethanolamine and phosphoryl-choline. ‘These 
extracts were also found to contain cytidine 
diphosphate-ethanolamine and cytidine diphos- 
phate-choline showing far less radioactivity. 
These basic phosphoric esters were not ad- 
sorbed on Dowex 1 formate resin (X10, 200-— 
400 mesh). However, the basic esters could 
be adsorbed on Dowex 50 (H-form, X4, 200- 
400 mesh) and eluted separately by the use 
of a hydrochloric acid gradient. The P®- 
labelled fractions thus obtained were identified 
by paper chromatography. 

The purified P*-labelled phosphoryl 
ethanolamine was incubated with a rat liver 
homogenate at pH 7.4 in Tris buffer under 
aerobic conditions. The homogenate was pre- 
pared by homogenizing rat liver tissue with 
9 volumes of 0.25 M sucrose solution. After 
the incubation perchloric acid was added. 
The acid soluble supernatant was found to 
contain very little inorganic P® and most of 
the added P**-phosphoryl ethanolamine could 
be recovered unchanged. Thus the ethanol- 
amine phosphate showed a_ remarkable 
resistance to hydrolysis of the phosphate ester 
under the experimental conditions. However, 
when a-ketoglutarate was added to the reac- 
tion mixture, two radioactive fractions other 
than the original phosphoryl ethanolamine 
were found by the successive chromatography 
first on the Dowex | and then on the Dowex 
50 column. 

A fraction which was not adsorbed on 
both Dowex 1 and Dowex 50 was labelled 
fraction x; The amount of this fraction 
varied considerably from experiment to ex- 


periment. The other. fraction (x2) was 


adsorbed on the Dowex 1 column and was 
eluted in the same manner as a sugar phos- 
phate or glycerophosphate (/) indicating that 
it contained neither basic nor carboxyl groups 
(Fig. 1). The amount formed was relatively 


Dowex | 1000 Dowex 50 


0.6% 47 cm. 0.6x45cm 


1000} 


Jt 


100 


50 ; 100 10 20 30 
TUBE NUMBER 
bh 4 4 L, Gradient to 
Agi 4 02M 0.05 WV HCI 
4N 
Fic. 1. Gradient elution chromatography of the 


reaction product. 

The reaction mixture contained P2-phosphoryl 
ethanolamine (20 pmoles) a-ketoglutarate (50 
pmoles). 


and 


Arrows indicate the positions where the solution 
in the reservoir was changed. 


TAq: distilled water 
T1N: 1WN formic acid 
74N: 4WN formic acid 
70.2.M, 4N: 4WN formic acid containing 0.2 M am- 


monium formate 
150 ml., 1 tube: 4ml. 
phosphoryl ethanolamine 


Mixer volume: 
P-Eam: 


small and seemed to depend upon the amount 
of added a-ketoglutarate (Table I). The frac- 
tion x; was collected, lyophilized, and studied 
with paper chromatography. 

In order to further identify x,, its mobility 


was compared chromatographically with 
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TABLE I 
Formation of Fraction x, from Phosphoryl Ethanolamine 


32. % 
ed sor aaee ene a-Keto- |Fraction| Yield of 
noe eyeiy Cuietick glutarate Xg Fraction 
Xo 
20 moles 
(5,300 c.p.m.) 0 : u 
20 pemoles 448 
a (30,700 c.p.m.) Oamoles) c.p.m. 1.46 
3 | 50 pmoles 2,548 3 54 


(72,450 c.p.m.) we gal c.p.m. | 


Incubation: 38°C, 60 minutes, with shaking under 
air. 
Reaction mixture: 


10% rat liver sucrose homogenate 4.0 ml. 
reactants dissolved in 0.05 M Tris buffer 

(pH 7.4) 3.8 ml. 
0.2 M MgCl, 0.2 ml. 
total fluid volume 8.0 ml. 


ethylene glycol-monophosphate and _ glycolal- 
dehyde-phosphate. These compounds were 
chemically prepared. The chemical synthesis 
of ethylene glycol-phosphate was carried out 
either by direct phosphorylation of ethylene 
glycol with phosphoric acid and phosphorus 
pentaoxide following the modified method of 
Plimner (4), used for the synthesis of O- 
phosphoryl serine, or by the deamination of 
phosphoryl ethanolamine with sodium nitrite. 
The chemical synthesis of glycolaldehyde- 
phosphate was carried out as follows: 
P**-phosphoryl ethanolamine with carrier 
(50 umoles) was dissolved in 5ml. of water, 
added with 5ml. of the Ninhydrin-Hydrin- 
dantin Reagent (5), heated in a boiling water 
bath for 15 minutes. After cooling, 10 ml. of 
water was added and extracted twice with 
20 ml. of n-butanol to remove the dye. The 
faintly colored aqueous layers were dried in 
a vacuum desiccator over CaCl, and NaOH, 
redissolved in 10 ml. of water, filtered, and 
chromatographed on the Dowex | formate 
column. The P®-phosphory! glycolaldehyde 
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fraction thus obtained was lyophilized and 
employed asa standard. The yield was ap- 
proximately 70 to 80 per cent. 
Both ethylene glycol-monophosphate and 
glycolaldehyde phosphate were eluted from 
the Dowex 1 formate column in the same 
position as Xp». 
On paper chromatographic examinations, 
X, and synthetic phosphoryl glycolaldehyde 
gave the same Ry values with three different 
solvent systems (Table II). It should also be 


Taste II 
Identification of x, with Paper Chromatography 


Phosphoryl-| Phos- 


Solvent x2 |  glycol- | phoryl- 
; | aldehyde | glycol 
Methanol-conc. Formic | 0.76, 0.75 0.80 
Acid-Water | 
(80v:15v:5v) | 
R t-Butanol-Picric Acid- | 0.66 0.66 0.74 
J Water | 
(80 ml. : 2g: 20 ml.) 
Phenol-Water 0.53 0.53 0.51 
(72v:28v) 
m-Phenylenediamine Spot in 
Test fs ie 


noted that both phosphoryl glycolaldehyde 
and x, gave a positive spot test with meta- 
phenylene diamine spray reagent. These 
results suggest that phosphoryl ethanolamine 
was either transaminated or deaminated on 
being incubated withd the rat liver homo- 
genate in the presence of a-ketoglutarate, and 
the probable reaction product was phosphoryl 
glycolaldehyde. 
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